Molecular motors with new topologies by Caroli, Giuseppe,
 
Molecular motors  
with new topologies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Giuseppe Caroli  
 
 
 
 
 
 
 
The work described in this thesis was carried out at the Stratingh Institute for Chemistry, 
University of Groningen, The Netherlands. 
 
 
The work described in this thesis was financially supported by the Ubbo Emmius scholarship. 
 
 
 
 
 
 
 
 
 
On the cover: “The rest of the plofkamer”, by G. Caroli. 
The picture was taken with a Canon EOS 550D equipped with a Canon EFS 18‐55mm 
lens (both kindly provided by E. Halza) [1/2 s, f/22.6, ISO 400, 18mm] and edited 
with appropriate software. 
 
 
 
 
 
 
 
 
 
Printed by Ipskamp Drukkers, Enschede, The Netherlands. 
 
 
ISBN: 978-90-367-4581-9 (printed version) 
ISBN: 978-90-367-4582-6 (electronic version)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ʺBasic research is what I am doing when I donʹt know 
what I am doing.ʺ 
(Werner Von Braun) 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 RIJKSUNIVERSITEIT GRONINGEN 
 
 
 
 
 
Molecular motors with new topologies 
 
Proefschrift 
 
 
 
 
 
 
 
ter verkrijging van het doctoraat in de 
Wiskunde en Natuurwetenschappen 
aan de Rijksuniversiteit Groningen 
op gezag van de 
Rector Magnificus, dr. F. Zwarts, 
in het openbaar te verdedigen op 
vrijdag 19 november 2010 
om 14:45 uur 
 
 
 
door 
 
 
 
Giuseppe Caroli 
 
 
geboren op 11 februari 1977 
te Pompei, Italië  
 
 
Promotor: 
 
 
 
 
Prof. dr. B. L. Feringa  
 
 
 
Beoordelingscommissie:  Prof. dr. A. Minnard 
Prof. dr. A. Rowan 
Prof. dr. A. Credi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISBN: 978-90-367-4581-9 (printed version) 
ISBN: 978-90-367-4582-6 (electronic version) 
 Table of contents 
 
 
 
CHAPTER 1 
INTRODUCTION TO MOLECULAR NANOTECHNOLOGY. MOLECULAR 
MOTORS: THEORETICAL ASPECTS, NATURAL AND SYNTHETIC EXAMPLES....1 
1.1  Key definitions.................................................................................................................2 
1.2  “There is plenty of room at the bottom” - The beginning of Nanotechnology.....2 
1.2.1  Approaches to Nanotechnology ...............................................................................5 
1.3  Molecular machines: theory .........................................................................................5 
1.3.1  Nano objects do it different ......................................................................................5 
1.3.2  The ‘power stroke’ model.........................................................................................6 
1.3.3  The Brownian ratchet model.....................................................................................6 
1.3.4  Power stroke vs. Brownian ratchet...........................................................................7 
1.4  Molecular machines: examples from nature............................................................10 
1.4.1  Myosin......................................................................................................................10 
1.4.2  Kinesin......................................................................................................................11 
1.4.3  Dynein......................................................................................................................12 
1.4.4  Flagellar motor.........................................................................................................13 
1.4.5  ATP synthase...........................................................................................................14 
1.5  Molecular machines: synthetic examples .................................................................16 
1.5.1  Translational motors................................................................................................16 
1.5.2  Rotational motors ....................................................................................................29 
1.5.2.1  Molecular rotary motors in a more complex topology..................................39 
1.5.2.2  Molecular rotors to come.................................................................................44 
1.6  Conclusions and content of this thesis.......................................................................47 
 
 
 
CHAPTER 2 
FIRST GENERATION 5-5 MEMBERED RING MOLECULAR MOTORS: FURTHER 
STUDIES AND DERIVATIZATION WITH LONG ALKYL CHAINS.............................53 
2.1  Introduction...................................................................................................................54 
2.1.1  First generation five-membered ring molecular motor derivatized with long 
alkyl chains..............................................................................................................................55 
2.1.2  Calculations on the thermal isomerizations of motor 2.2.....................................57 
2.1.3  New measurements of motor 2.2............................................................................58 
2.2  A molecular motor derivatized with long alkyl chains...........................................58 
2.2.1  Retrosynthetic analysis............................................................................................59 
2.2.2  Synthesis...................................................................................................................59 
  i2.2.3  
1H-NMR measurements..........................................................................................61 
2.2.4  UV/Vis measurements............................................................................................64 
2.2.5  CD measurements ...................................................................................................67 
2.2.6  Kinetic analysis .......................................................................................................69 
2.2.7  Conclusions..............................................................................................................70 
2.3  Five-five membered rings first generation molecular motor: a computational 
study.......................................................................................................................................71 
2.3.1  Introduction..............................................................................................................71 
2.3.2  Results......................................................................................................................72 
2.4  New 
1H-NMR study on the 5-5 membered ring motor 2.2....................................80 
2.4.1  
1H-NMR: measurements.........................................................................................80 
2.4.2  
1H-NMR: calculations.............................................................................................83 
2.4.3  CD calculations .......................................................................................................87 
2.5  Conclusions....................................................................................................................90 
2.6  Experimental Section...................................................................................................90 
2.6.1  General remarks ......................................................................................................90 
2.6.2  Computational details .............................................................................................91 
 
 
 
CHAPTER 3 
NEW TOPOLOGIES OF MOLECULAR MOTORS: MOTORS WITH LOOPS. A 
MOLECULAR SKIPPING ROPE AND A MOLECULAR STRAITJACKET..................99 
3.1  Introduction.................................................................................................................100 
3.2  Design and synthesis ..................................................................................................102 
3.3  Study of the methyl ether motor..............................................................................115 
3.3.1  
1H-NMR measurements........................................................................................115 
3.4  Study of the large-looped motor ..............................................................................118 
3.4.1  Molecular modeling..............................................................................................118 
3.4.2  
1H-NMR measurements........................................................................................119 
3.4.3   UV/Vis measurements.........................................................................................124 
3.4.4  Kinetic analysis .....................................................................................................125 
3.5  Study of the short-looped motor..............................................................................127 
3.5.1  Crystallographic analysis and molecular modeling............................................128 
3.5.2  
1H-NMR measurements........................................................................................134 
3.5.2.1  Conclusions ...................................................................................................138 
3.5.3  UV/Vis measurements..........................................................................................138 
3.5.4  CD measurements .................................................................................................140 
3.6  Study of the hydrogenated short-looped motor ....................................................142 
3.6.1  Molecular modeling..............................................................................................143 
3.6.2  
1H-NMR measurements........................................................................................144 
3.6.3  UV/Vis measurements..........................................................................................146 
3.6.4 Conclusions.............................................................................................................147 
  ii 3.7  Conclusions..................................................................................................................148 
3.8  Experimental section..................................................................................................149 
3.8.1  General remarks.....................................................................................................149 
3.8.2  Computational details............................................................................................149 
 
 
 
CHAPTER 4 
DIMERS OF MOLECULAR MOTORS IN A MACROCYCLIC AND LINEAR 
TOPOLOGY.............................................................................................................................175 
4.1  Introduction.................................................................................................................176 
4.2  Synthesis.......................................................................................................................176 
4.2.1  Retrosynthesis........................................................................................................177 
4.2.2  Synthesis.................................................................................................................179 
4.3  Molecular modeling....................................................................................................185 
4.4  
1H-NMR measurements.............................................................................................187 
4.4.1  
1H-NMR measurements on the monomer............................................................187 
4.4.2  
1H-NMR measurements of the linear dimer........................................................190 
4.4.3  
1H-NMR measurements of the cyclic dimer........................................................193 
4.5  Conclusions..................................................................................................................196 
4.6  Experimental section..................................................................................................198 
4.6.1  General remarks.....................................................................................................198 
4.6.2  Computational details............................................................................................198 
 
 
 
CHAPTER 5 
INCREASING THE STABILITY OF FUNCTIONALIZED MOLECULAR MOTORS. A 
NEW SHORT LOOPED MOLECULAR MOTOR, A MOLECULAR WALKER, AND A 
FUNCTIONALIZED MOLECULAR MOTOR FOR LIQUID CRYSTALS....................207 
5.1  Introduction.................................................................................................................208 
5.2  Design and synthesis of the scaffold.........................................................................209 
5.3  The molecular walker ................................................................................................213 
5.3.1  Introduction............................................................................................................213 
5.3.2  Synthesis.................................................................................................................215 
5.3.3  
1H-NMR measurements........................................................................................216 
5.3.4  UV/Vis measurements and kinetic study.............................................................220 
5.4  The LC dopant motor................................................................................................223 
5.4.1  Introduction............................................................................................................223 
5.4.2  Synthesis.................................................................................................................225 
5.4.3  
1H-NMR measurements........................................................................................226 
5.4.4  UV/Vis measurements and kinetic study.............................................................230 
5.5  A new looped motor....................................................................................................234 
  iii5.5.1  Introduction............................................................................................................234 
5.5.2  Synthesis................................................................................................................234 
5.5.3  UV/Vis measurements..........................................................................................235 
5.6  Conclusions..................................................................................................................238 
5.7  Experimental section..................................................................................................239 
5.7.1  General remarks ....................................................................................................239 
5.7.2  Computational details ...........................................................................................239 
 
 
 
CHAPTER 6 
MOLECULAR MOTORS WITH AROMATIC GROUPS AT THE STEREOGENIC 
CENTERS................................................................................................................................251 
6.1  Introduction.................................................................................................................252 
6.2  Aryl motor...................................................................................................................255 
6.2.1  Retrosynthetic analysis.........................................................................................255 
6.2.2  Synthesis................................................................................................................255 
6.2.3  Molecular modeling..............................................................................................256 
6.2.4  
1H-NMR measurements........................................................................................259 
6.2.5  UV/Vis measurements..........................................................................................266 
6.2.6  Kinetic analysis .....................................................................................................268 
6.3  Benzyl motor ...............................................................................................................270 
6.3.1  Retrosynthetic analysis.........................................................................................270 
6.3.2  Synthesis................................................................................................................270 
6.3.3  Molecular modeling..............................................................................................272 
6.3.4  
1H-NMR measurements........................................................................................275 
6.3.5  UV/Vis measurements..........................................................................................278 
6.3.6  Kinetic study..........................................................................................................281 
6.4  Biphenyl motor ...........................................................................................................282 
6.4.1  Retrosynthetic analysis.........................................................................................282 
6.4.2  Synthesis................................................................................................................283 
6.4.3  Molecular modeling..............................................................................................283 
6.4.4  
1H-NMR measurements........................................................................................287 
6.4.5  UV/Vis measurements..........................................................................................290 
6.4.6  Kinetic study..........................................................................................................292 
6.5  p-Phenyl-benzyl motor...............................................................................................294 
6.5.1  Retrosynthetic analysis.........................................................................................294 
6.5.2  Synthesis................................................................................................................295 
6.5.3  Molecular modeling..............................................................................................295 
6.5.4  
1H-NMR measurements........................................................................................299 
6.5.5  UV/Vis measurements..........................................................................................302 
6.5.6  Kinetic study..........................................................................................................305 
6.6  Conclusions and discussions.....................................................................................306 
  iv 6.7  Experimental section..................................................................................................309 
6.7.1  General remarks.....................................................................................................309 
6.7.2  Computational details............................................................................................309 
 
 
 
CHAPTER 7 
INTRAMOLECULAR ROTAXANE FORMATION USING A ROTARY MOLECULAR 
MOTOR: A MOLECULAR REEL........................................................................................325 
7.1  Introduction.................................................................................................................326 
7.2  Concept, design and modeling..................................................................................327 
7.2.1  Concept...................................................................................................................327 
7.2.2  Molecular design and envisioned working mechanism......................................329 
7.2.3  Molecular modeling ..............................................................................................330 
7.2.3.1  Analysis of the winding process and of the length of the threads..............331 
7.2.3.2  Conclusions on the rotaxane formation process...........................................339 
7.3  Retrosynthetic analysis and synthesis.....................................................................339 
7.3.1  Final definition of the targets................................................................................339 
7.3.2  Retrosynthetic analysis and synthesis of the model system...............................340 
7.3.2.1  Retrosynthetic analysis ..................................................................................340 
7.3.2.2  Synthesis .........................................................................................................343 
7.3.3  Synthesis of the stopper-thread moiety................................................................351 
7.3.4  Synthesis of the molecular reel.............................................................................353 
7.3.5  Conclusion..............................................................................................................357 
7.4  
1H-NMR measurements.............................................................................................357 
7.4.1  
1H-NMR measurements of the model system.....................................................357 
7.4.1.1  Conclusions on the spectroscopic study of the model system....................362 
7.4.2  
1H-NMR measurements of the molecular reel....................................................363 
7.4.2.1  Discussion on the isomerization study of the molecular reel......................369 
7.5  Conclusions..................................................................................................................372 
7.6  Experimental section..................................................................................................374 
7.6.1  General remarks.....................................................................................................374 
7.6.2  Computational details............................................................................................374 
 
 
 
Samenvatting.............................................................................................................................396 
 
Summary....................................................................................................................................397 
 
Riassunto ...................................................................................................................................402 
 
Acknowledgments.....................................................................................................................408 
  v  vi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Introduction to molecular nanotechnology. Molecular motors: theoretical aspects, natural and synthetic 
examples 
 
CHAPTER 1 
 
 
INTRODUCTION TO  
MOLECULAR NANOTECHNOLOGY. 
MOLECULAR MOTORS:  
THEORETICAL ASPECTS, NATURAL AND 
SYNTHETIC EXAMPLES 
 
 
 
 
 
 
 
 
 
 
 
A brief introduction to the young science of Nanotechnology is presented, with a 
special focus on molecular aspects. Theoretical models which describe the basic 
working principles of molecular motors, are discussed. Furthermore, the most 
important examples of natural and synthetic molecular motors are reviewed. 
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1.1  Key definitions 
 
 
Nanotechnology: 
The first formulation of a definition is due to Professor Norio Taniguchi in a 1974 
paper: " 'Nano-technology' mainly consists of the processing of, separation, consolidation, 
and deformation of materials by one atom or by one molecule."
1 
The term acquired its current sense through the books of the futurist K. Eric Drexler.
2,3 
It can be read on the webpages of CRN (Center for Responsible Nanotechnology
4): 
“Nanotechnology, in its traditional sense, means building things from the bottom up, with 
atomic precision.” Therefore, “nanotechnology is the engineering of functional systems at 
the molecular scale.” This last definition is the one that best fits the purpose of this thesis. 
 
Nanoscience: 
“Nanoscience involves research to discover new behaviors and properties of materials 
with dimensions at the nanoscale which ranges roughly from 1 to 100 nm. Nanotechnology 
is the way discoveries made at the nanoscale are put to work. Nanotechnology is more than 
throwing together a batch of nanoscale materials - it requires the ability to manipulate and 
control those materials in a useful way” (definition by the NRF - Nanotechnology Research 
Foundation
5). 
 
Molecular machine: 
A molecular machine, or nanomachine, can be defined as a discrete number of 
molecular components designed to perform mechanical-like movements (output) in 
response to specific stimuli (input),
6 in order to perform useful work. 
 
Molecular motor: 
Molecular motors are molecules (or assembly of molecules) that are capable of 
unidirectional motion (for instance, rotational) powered by external energy input. 
Althought they are sometimes referred to as a class of molecular machines, in the contest 
of this thesis they are better considered only as a specific part of a hypothetical molecular 
machine, that is they are the part of the molecular machine that produces movement.
7 
 
 
 
1.2  “There is plenty of room at the bottom” - The beginning of 
Nanotechnology 
 
 
On december 29, 1959, the Nobel laureate in physics Richard Feynman gave a lecture 
at an American Physical Society meeting at Caltech, California, entitled “there is plenty of 
room at the bottom”.
8 It is considered to be the day of birth of the concept of 
nanotechnology, although Feynman did not use this word directly. He proposed that in 
  2 Introduction to molecular nanotechnology. Molecular motors: theoretical aspects, natural and synthetic 
examples 
 
principle, a set of one-quarter-scale manipulator hands controlled by the operator would 
make possible to build one-quarter scale machine tools. These tools could then be used to 
build a set of one-sixteenth-scale hands and tools, and so forth, culminating in perhaps a 
billion tiny factories to achieve massively parallel operations. The concept was not new, 
but up to then it only belonged to science fiction.
9 Pushing the miniaturization to the limit, 
Feynman considered that synthetic chemistry could eventually be performed by direct 
mechanical manipulation of individual atoms, by means of nanoscale machines that 
"arrange the atoms the way we want". He said indeed: 
 
“The principles of physics, as far as I can see, do not speak against the possibility 
of maneuvering things atom by atom. It is not an attempt to violate any laws; it is 
something, in principle, that can be done; but in practice, it has not been done 
because we are too big.” 
 
It should be noted that Feynman concluded his talk with two challenges, offering a $1000 
prize for each: to build a working electric motor that would fit inside a cube 
1/64 inches on 
each side, and to write the information from a book page on a surface 1/25,000 smaller in 
linear scale. Interestingly, the first prize was won already in november 1960, while the 
second had to wait till 1985.
10 
 
But it was still too early for scientists to work on nanotechnology. The first journal 
article about molecular nanotechnology is considered to have appeared only in 1981.
11  
The term “nanotechnology” gained serious attention only after its use by K. E. Drexler
12 in 
his 1986 book “Engines of Creation: The Coming Era of Nanotechnology”
2 and his other 
1992 book “Nanosystems: Molecular Machinery, Manufacturing, and Computation”
3 
(which, because of their futuristic contents, raised famous debates
13),  and after the 
publication of a cover article headlined "Nanotechnology" on the mass-circulation science-
oriented magazine Omni, also in 1986.
14 
The scanning tunneling microscope (STM) was developed in 1981.
15 The atomic force 
microscopy (AFM) was introduced in 1987,
16 which, together with STM, is considered a 
fundamental tool for science at the nanoscale. 
The journal Nanotechnology was launched in 1989; the famous Eigler-Schweizer 
experiment, precisely writing “IBM” on nickel manipulating 35 xenon atoms much like the 
way Feynman intended, was published in Nature in April 1990;
17  in november 1991 
Science had a special issue on nanotechnology. In the last ten years, the number of 
publications about nanomotors has grown tremendously (Figure 1).
18 
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Figure 1: Number of publications on nanomotors, including both natural and synthetic motors, over the 
period from 1995 to early October 2009 (reproduced from ref. 18). 
 
 
From here we understand that, much like a revolution, nanotechnology became a 
familiar concept among scientists, as denoted also by the number of institutions that were 
created in order to promote, facilitate and sometimes also regulate this newly born science, 
like the Foresight Nanotech Institute (1986), the Institute for Molecular Manufacturing 
(1991), the National Nanotechnology Initiative (2001), the Center For Resposible 
Nanotechnology (2002), the Project on Emerging Nanotechnologies (2005), the 
Nanotechnology Research Foundation (2008) and many others. Of course, investments in 
the field started to be massive.
19 
Also, in 1997 Zyvex Instruments, the first private molecular nanotechnology company, 
was founded. 
 
Nowadays, the word ‘nanotechnology’ is sometimes associated to some concern. For 
example, besides many publications,
20 also on the website of CRN (center for responsible 
nanotechnology) we can read:  
 
“Nanotechnology will radically transform the world, and the people, of the early 
21
st century. Whether that transformation will be peaceful and beneficial or 
horrendously destructive is unknown. Although nanotechnology carries great 
promise, unwise or malicious use could seriously threaten the survival of the 
human race.”
21 
 
However, after a study it has been claimed that a significant part of what is sold as 
nanotechnology is just straightforward materials science, and that this is leading to a 
“nanotech industry built solely on selling nanotubes, nanowires, and the like”.
22 
Applications where actual manipulation of nanoscale components is required are still in 
progress.
22 
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1.2.1  Approaches to Nanotechnology 
 
Two approaches for the manufacture of nanotech products can be distinguished: top-
down and bottom-up (Figure 2).
23 
The top-down approach is used to create nanoscale devices in a not atomically precise 
fashion by using larger, externally-controlled tools to cut, mill and shape materials 
produced in bulk into the desired shape and order (conventional manufacturing).  
The bottom-up approach, instead, makes use of the chemical properties of single molecules 
to produce components in an atomically precise fashion (molecular manufacturing).
24 
 
 
 
  top down  →                     ←  bottom up
 
  100 nm           1 nm
 
 
Figure 2: Representation of the top down and the bottom up approach to nanotechnology. 
 
 
In this thesis, the bottom-up approach is followed to produce new synthetic molecular 
motors. 
 
 
 
1.3  Molecular machines: theory 
 
 
As stated before (session 1.1), a molecular machine can be defined as a discrete number 
of molecular components designed to perform mechanical-like movements (output) in 
response to specific stimuli (input),
6 in order to perform useful work.  
Another definition, often adopted perhaps for its simplicity, is molecules that mimic 
functions of macroscopic devices. However, this definition, although apparently clear and 
straightforward, is an oversimplification.
25 The reason is that the physics of macroscopic 
and nanoscopic objects follow different rules, as illustrated in the following session. 
 
 
1.3.1  Nano objects do it different 
 
In spite of  the fact that molecular machine are often reminiscent of macroscopic 
analogous ones, it is important to remark that, the physical laws that govern their 
  5Chapter 1 
functioning are very different. Due to their different scale, the relative strength of various 
forces changes drastically in going from macro to nano objects.  
 
A macroscopic object behaves according to Newtonian mechanics, that is gravity and 
inertia are important. But at molecular level, gravity becomes negligible and Van der 
Waals interactions dominate. Moreover, vibrations and Brownian motion have to be 
considered, as opposite to the staticity of macroscopic objects: molecular systems are 
constantly undergoing significant dynamic motions subject to the laws of Brownian 
motion. It has been calculated that the thermal noise power that continuously washes back 
and forth over a molecule is 8-9 orders of magnitude greater than the power available to 
drive directed motion.
26 In these conditions molecular motion on a straight line is similar 
“to swim in molasses” or “to walk in a hurricane”.
27 These special conditions where 
nanomachines operate, make harnessing molecular motion not easy. 
 
Motion achieved by bacteria (characterized by low Reynolds number) already appears 
very different than motion in our every-day experience (inertia-dominated), as illustrated 
by the notorius scallop theorem.
28 Comparing the self-propelled capability of bacteria with 
their diffusion caused by thermal noise (Brownian motion), the first prevails. However, for 
molecular machines, significantly smaller objects than bacteria, the diffusive motion 
becames more important than the directed motion. This is the reason why nature evolved in 
a way that biological nanomotors are frequently found “on a track”: in this way, not only 
their diffusion is opportunely restricted, but thermal motion can also be exploited to 
provide a mechanism for the nanomachine to overcome its activation barriers and, together 
with an external energy stimulus, perform directed motion (Brownian motor).
26,29 
 
 
1.3.2  The ‘power stroke’ model 
 
In a macroscopic device, movement occurs deterministically at a certain velocity, 
which can be constant. Brownian fluctuations are negligible. This model corresponds to the 
so called ‘power stroke’, where a force propagates through an object causing it to move in 
a deterministic fashion.
27 
 
 
1.3.3  The Brownian ratchet model 
 
The popular concept of Brownian ratchet (also called Brownian motor) is illustrated in 
Figure 3. A particle on an asymmetric sawtooth potential is trapped in a well. Thermal 
energy makes the probability to move to the right or to the left equal. If the potential is 
turned off and becomes flat, the particle can diffuse randomly towards both sides 
(according to Brownian motion), because there are no energy barriers anymore. 
Considering the Gaussian of the probability distribution of the particle after a certain time 
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onto the flat potential, it is clear that when the sawtooth potential is turned on again, the 
particle will have more probability to fall in the next well on the right rather than in the 
next one on the left, due to its Gaussian of the probability distribution. This cycle can be 
repeated over and over, obtaining a neat migration of the particle toward the right. 
Therefore, the motion of the particle is stochastic: random Brownian motion is biased to 
perform directed motion. The energy cost is paid by switching the potential on and off. 
This model has been proved to fit experimental results of biological  molecular motors.
30 
 
 
 
potential off 
 
 
  potential on 
 
 
 
 
Figure 3: Basic working mechanism of the Brownian ratchet. The Gaussian of the probability distribution of 
the particle on the flat potential energy surface (when potential is off) is shown. 
 
 
A good simulation of this mechanism is available on-line at www.elmer.unibas.ch/bm. 
 
 
1.3.4  Power stroke vs. Brownian ratchet 
 
The way to look at the modus operandi of molecular machines is like something in 
between the deterministic way of macroscopic mechanical devices and the probabilistic 
way of quantum mechanical processes,
27 which represent the two conceptual extremes of 
the mechanism of a nanomachine (Figure 4). Indeed, in a macroscopic mechanical device 
(Figure 4a), if we know how the components are connected with one other, we can also 
predict deterministically the effect of a given force applied on the device. In case of a 
quantum mechanical device, instead, processes are probabilistic; for example, in Figure 4b 
a photon is indicated to have 25% possibilities to be reflected, which merely means that on 
average one quarter of all the photons are reflected. To predict the destiny of each 
individual photon is, however, just like throwing dices: unpredictable. 
 
 
  7Chapter 1 
                         
a) b) 
e
- 
25% 
75% 
  probabilistic  mechanistic 
 
Figure 4: Example of the two conceptual extremes of machines: a) macroscopic machine (mechanistic) and 
b) quantum mechanical process (probabilistic). 
  
 
Indeed, molecular machines appear to have both these natures. Their functioning can be 
described considering the connectivity of the components (mechanical approach), and 
considering that energy (for example, released from conversion of ATP to ADP) is used to 
induce structural changes that prepare for a ‘power stroke’ which wins the fight against the 
thermal noise and determines motion step by step in a directed fashion. 
But it is also observed that thermal noise decreases the efficiency of the process causing 
here and there backward steps or consumption of ATP without performing a forward step, 
which is reminiscent of the probabilistic mechanism typical of quantum devices, and which 
makes these molecular machines appear consistent with the thermally driven mechanism of 
the Brownian approach. 
For practical usefulness, the definition is usually based on the size of a single step,
31,32 
which is characteristic for every molecular machine. Small biased Brownian fluctuations 
are referred to as power strokes, conceptually close to macroscopic deterministic machines. 
The reason for this is that ratchets that bias frequent small fluctuations are 
fenomenologically indistinguishable from pure power stroke devices, in that it is 
technically difficult to achieve the necessary accuracy of measurements to make the 
distinction detectable. Moreover, as additional difficulty, protein elasticity (for large bio-
motors) between the motor and the load can smooth out small uneveness on the potential. 
 
Instead, systems that perform movement biasing large Brownian fluctuations are referred 
to as Brownian ratchets. In this case, a more clearly stochastic behavior is observed, where 
infrequent large fluctuations are rectified.  
 
However, this distinction is not to be considered exclusive; in fact, the large majority of 
protein motors follow a behavior that is a combination of the two, so that it is impossible to 
distinguish between a Brownian ratchet that biases small fluctuations and a power stroke 
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mechanism with Brownian fluctuations. At present time both these views fit the 
experimental observations, but the exact way the power stroke model and the Brownian 
ratchet model actually combine together is yet to be clarified.
27 This concept is displayed in 
Figure 5.  
 
 
 
 
Figure 5: a) Pure power stroke model. b) Power stroke with small Brownian fluctuations. c) Brownian 
ratchet biasing small fluctuations. d) Pure Brownian ratchet (x = distance travelled) (Reproduced from ref. 
32). 
 
 
In  Figure 5a, the trajectory of an object which follows the pure power stroke model 
(constant force) without Brownian fluctuations is shown. This objects appears to move 
forward uniformly in a deterministic way, as typical for macroscopic machines.  
Figure 5d shows a Brownian ratchet that rectifies large fluctuations. Only when a certain 
number of steps forward happen to occur, the movement is rectified and the ratchet has to 
pass an extremely high energy barrier to be able to move backward. It should be noted that 
the instantaneous velocity of the object is significantly lower than the average velocity. 
In Figure 5b and c, a power stroke motor with small Brownian fluctuations and a Brownian 
ratchet that biases small fluctuations are represented, respectively. It can be clearly seen 
that these two cases are phenomenologically identical; therefore, they are experimentally 
undistinguishable. 
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1.4  Molecular machines: examples from nature 
 
 
One of the most stunning results of millions years of evolution of life are natural 
molecular machines. They are caracterized not only by an efficiency that can be nearly 
100%,
33 far more than what achieved with man-made devices, but also for their incredible 
complexity in structure design and mechanism of functioning. They are object of intensive 
study at both a structural and mechanistical level, and are so important and fascinating that 
many videos explaining their functioning, produced with the most modern computer 
animation techniques, are readily available even on the popular video-sharing website 
Youtube.
34,35 
A brief explanation on the most well known biological molecular motors follows. 
 
 
1.4.1  Myosin 
 
Myosins are a family of molecular motor proteins that perform directed movement 
along actin filaments.
32 The energy comes from hydrolysis of ATP. The most important 
example of its function is muscle contraction (Figure 6), but it is also involved in the 
transport of organelles, mRNA and other cellular components.
36 Moreover, it has a role in 
other processes, for example cellular motility, and signal transduction.
37   
 
 
 
 
Figure 6: Schematic representation of the contraction function of a muscle. Myosin and actin filaments are 
indicated (reproduced from ref. 38). 
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In its stucture, two main domains can be distinguished: a head, which constitutes the motor 
part and which contains the pectin binding site and the ATPase unit, and a tail, which 
mainly connects the motor part to the cargo.  
Although it is mostly found in form of dimer, the two myosin units are independent.  
In Figure 7, the chemomechanical cycle of myosin is shown. After binding ATP, the motor 
unit dissociates from the actin filament (Figure 7a). Hydrolysis of ATP to ADP+Pi triggers 
a pivotal motion of the motor domain due to a conformational change in the neck (Figure 
7b). Subsequently, the motor binds weakly to the actin filament (Figure 7c), and release of 
Pi causes the neck to return its original conformation, determining the power stroke (Figure 
7d).
37,39 A single myosin head moves along an actin filament with regular steps of 5.3 
nm.
40 
 
 
 
a  c  d  b   
Figure 7: Chemomechanical cycle of myosin (see text). (Adapted from ref. 41) 
 
 
An excellent animated model for muscle myosin-based motility can be found on the 
Milligan Lab website.
42 
 
 
1.4.2  Kinesin 
 
Kinesins are another family of molecular motor proteins that perform directed 
movement. In particular, they move along microtubules,
43 and their main role is 
intracellular transport of organelles, protein complexes and mRNA.
37 ATP is consumed to 
provide energy.
44 Kinesin is typically a dimer,
37 and each unit is constituted by head, neck, 
coiled-coil stalk and tail (Figure 8). The head contains the tubuline binding site and the 
ATPase unit, the tail connects with the cargo.
37 
 
 
 
Figure 8: Structure of kinesin. 
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Kinesin walks on the microtubule according to the following mechanism.
37 Starting from 
one head complexed with ADP (weakly bonded to the microtubule) and the other free 
(strongly bound to the microtubule), one molecule of ATP attaches the free head (Figure 
9a). The hydrolization of this ATP to ADP•Pi causes a forward step of the other head unit 
(Figure 9b), which will weakly bind to the microtubule and rapidly release ADP (Figure 
9c). The release of ADP causes a stronger binding on the microtubule. Subsequently, the 
other unit releases Pi, and its binding becomes weaker (Figure 9d). The kinesin is now 
again to the initial configuration, and the cycle can start again. 
 
 
 
  a  b  c d
 
Figure 9: Chemomechanical cycle of kinesin (see text). (Adapted from ref. 41) 
 
 
For each ATP consume, kinesin makes a 8 nm step.
45 
Moreover, it should be mentioned that, although the details are still not clear, kinesin 
seems to follow a “hand-on-hand” walking mechanism rather than an “inchworm” 
mechanism.
46 
An excellent animated model for processive motility by conventional kinesin can be 
found on the Milligan Lab website.
42  
 
 
1.4.3  Dynein 
 
Like kinesin, dyein moves along microtubules in a directed fashion, but in the opposite 
direction.
37 Dyneins are involved in diverse fundamental cellular processes including 
mitosis, vesicular transport, and the assembly and motility of cilia and flagella.
37 The 
motor domain of dynein (AAA domain) is made of six ATPase units arranged in a ring, the 
total weight of which is about 10 times as large as that of conventional kinesin. ATP is 
used as a fuel for the machinery, and is consumed mainly at the AAA1 unit.
47 There are 
two additional domains projected out of the hexameric ring, which play an essential role in 
the function: the “stalk”, which carries the microtubule-binding site at its tip, and the 
“stem”, which connects to the cargo. 
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a)  b) 
AAA domain 
stem 
stalk 
 
Figure 10: a) Structure of dynein c (right view). The six AAA modules and the C-terminal sequence are 
indicated. b) Conformational changes before and after the power stroke (left view), together with their 
relative electron microscopy images. (Adapted from ref. 47). 
 
 
The details on how the conformational changes associated with the power stroke occur 
are not yet disclosed. However, it is known that the origin of the movement is a 
displacement of 15 nm of the stem relative to the AAA domain and stalk. Moreover, there 
are pronounced conformational changes also within the AAA domain.
47 
 
 
1.4.4  Flagellar motor 
 
Flagella are helical filaments that many species of bacteria use for their linear 
locomotion (which can be as fast as 25 μm/s!
48). Their rotary movement is due to the 
rotary motor to which they are connected. Flagellar motors are driven by a flux of ions, 
usually protons,
49 across the cytoplasmic membrane. There are about 1200 protons 
required to complete one rotation.
50 Flagellar motors can rotate the flagellum in both 
clockwise and counterclockwise directions: the choice is random in a homogeneous 
environment, but gradients of nutritive or poisoning substances are capable to induce a 
preference so that, even if the reorientation of the bacterium (occurring approximately once 
per second
48) is random after every run, the overall direction of its movement 
32,37 
results 
controlled.
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Figure 11: a) Structure of the bacterial flagellar motor (reproduced from ref. 49). b) Electron microscopy 
age of the basal body of a bacterial flagellar motor (reproduced from ref. 51). 
static interaction of the 
cyt
he torque range of flagellar motors is of about 2700-4600 pN/nm.
52 
1.4.5  ATP synthase 
 also works in the opposite 
of ATP per second, which 
a) 
b) 
im
 
 
In Figure 11, a schematic representation of a flagellar motor, together with an electron 
microscopy picture, is shown. The flagellar motor is made of more than 40 different 
proteins. Its diameter is ca. 45 nm, while the flagellum is 10-15 μm long. The motor is 
composed of a rotor and a stator. The MotA-MotB conjugate serves as a proton channel 
and generates a torque.
37 In particular, the torque is generated through protonation and 
deprotonation of MotB. Consequently, a conformational motion takes place in MotA and 
triggers the rotation of the rotor part (FliG) by changing the electro
oplasmic domain of MotA with the C-terminal domain of FliG. 
T
 
 
 
ATP synthases are protein molecular rotary machines which use a proton gradient for 
the synthesis of ATP from ADP and inorganic phosphate. It
direction: a proton gradient can be generated supplying ATP.  
In ATP synthases two domains are distinguishable:
53 the F0 unit, which is embedded into 
the membrane and is the part which conducts protons, and the F1 unit, which uses these 
protons to perform the catalytic synthesis of ATP. The two units rotate with respect to each 
other. One ATP synthases can hydrolyse 390 molecules 
correspond to a rotation of 130 rps (revolution per second).
54 
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In Figure 12 a schematic representation of an ATP synthase is shown. 
 
 
 
 
Figure 12: Side view and cut view of bacterial ATP synthase. In the cut view, also the proton flow and the 
TP production are indicated (reproduced from ref. 55). 
onformation which is catalytically 
ctive.
49 A scheme of the process is shown in Figure 13. 
 
A
 
 
The F1 unit is formed by, among other components, three α and three β subunits arranged 
alternately. In the middle of this heterohexamer there is the γ-subunit. The active site for 
ATP formation is mainly on the β-subunits. The formation of ATP determines the rotation 
of the 3α-3β complex in a three-steps fashion. In each phase, the α-subunits adopt a 
conformation nearly identical to one another, whilst the three β-subunits adopt different 
conformations depending on the nucleotide binding mode, usually referred to as O (open), 
L (loose) and T (tight). The T conformation is the only c
a
 
 
 
 
Figure 13: The binding-change mechanism of F1-ATPase. The three catalytic sites bind ADP/ATP 
ternately in O (open), L (loose) and T (tight) fashion (reproduced from ref.
 49). 
riggered by the rotation of the γ-subunit, as 
it h
and its rotary motion generate a torque of ca. 90 pN/nm,
56 almost equivalent to the free 
al
 
 
The conformational change in the β-subunits is t
as been directly observed experimentally.
56  
Experiments have shown that ATP synthases rotates at 17 revolution per second (r.p.s.), 
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energy of ATP hydrolysis. As it has been seen that one ATP is hydrolyzed at every step, 
the efficiency of F1 is nearly 100%.
56 
 
 
 
1.5  Molecular machines: synthetic examples 
 
 
Naturally, it is very tempting for scientists to seek for applications of natural 
nanomachines, dreaming about a new technological revolution.
57 However, natural 
nanomachines also serve as source of inspiration to produce synthetic analogous systems. 
As a matter of fact, even if still far way from the complexity and efficiency of natural 
nanomachines, many molecular systems have been synthesized which are potentially 
suitable for use in nanotechnology. In the next sections the most important reports are 
reviewed, where control on different kinds of movement has been achieved at the 
molecular level using an external stimulus, with a major focus on the recent developments. 
 
 
1.5.1  Translational motors 
 
In 1994, the first example of a switchable molecular shuttle was reported by Stoddart 
and coworkers
58 (Scheme 1). It consists of a [2]rotaxane (1.1) with two stations, both of 
which are able to coordinate the positively charged cyclobis(paraquat-p-phenylene) 
(CBPQT
4+) cyclophane. When cooled at 229 K, two distinguishable translational isomers 
are observed in a ratio of 84:16, in favor of the benzidine station. Protonation of the 
benzidine residue with CF3CO2D destabilizes its interaction with the macrocycle, which 
will migrate almost quantitatively to the biphenol station. The system can be restored to its 
original state by deprotonation of the benzidine station with pyridine-d5. 
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1.1 
[1.1·2H]
6+
 
Scheme 1: The first switchable molecular shuttle 1.1 (reproduced from ref. 59). 
 
 
A significant improvement of the positional control was achieved with the [2]rotaxane 
1.2 reported in Scheme 2.
60 Protonation and deprotonation of the ammonium station 
determines an almost quantitative preference for the macrocycle to be located on the 
ammonium ion or on the bipyridinium station, respectively. This selectivity occurs already 
at room temperature, due to the large difference in binding constant of the macrocycle with 
the two stations. 
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[1.2·H]
3+
1.2
2+
 
Scheme 2: pH-dependent [2]rotaxane 1.2 with high positional selectivity (reproduced from ref. 59). 
 
 
Redox-active shuttles have also been reported. In Scheme 3, an example with very high 
positional integrity  is shown.
61 The [2]rotaxane 1.3 consists of a benzylic amide 
macrocycle and by a thread that contains two potential hydrogen bonding stations: a 
succinamide station (succ) and a redox-active 3,6-di-tert-butyl-1,8-naphthalimide station 
(ni) separated by a C12 aliphatic spacer. In the neutral state, the translational co-
conformation succ-1.3 is predominant as the ni station is a poor hydrogen-bond acceptor. 
One-electron reduction of naphthalimide to the corresponding radical anion, however, 
results in a substantial increase in electron charge density on the imide carbonyl groups and 
a concomitant increase in hydrogen bond accepting ability. Upon re-oxidation, the 
macrocycle shuttles back to the succinamide station. This process can be induced both with 
cyclic voltammetry
61a and photochemically.
61b 
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ni-1.3 succ-1.3
succ-1.3
-• ni-1.3
-• 
 
Scheme 3: A photochemically and electrochemically switchable, hydrogen-bonded molecular shuttle 1.3 
(reproduced from ref. 59). 
 
 
Recently, intramolecular elecron transfer has been exploited in a multicomponent 
[2]rotaxane 1.4 designed to operate as an autonomous molecular shuttle driven by visible 
light.
62 The system is composed of a light-fueled power generator, made of a π-electron-
accepting fullerene (C60) and a light-harvesting porphyrin (P), and a bistable mechanical 
switch, made of a tetrathiafulvalene (TTF) and a dioxynaphthalene (DNP) as π -electron-
rich stations. The light-fueled power generator uses light energy to oxidize the TTF unit, 
changing the affinity with the cyclophane macrocycle and leading to the shuttling motion.  
The chemical structure and operation mechanism of this system is displayed in Scheme 
4.
63 Excitation of the porphyrin unit with visible light in solution (process 1) should cause 
an electron transfer to C60 (process 2); then, an electron shift from TTF to the oxidized 
porphyrin (process 4) should destabilize the original structure, causing the displacement of 
R
4+ from D1
+ to D2 (process 5). Subsequent back electron transfer (process 7) and 
macrocycle replacement (process 8) regenerate the starting isomer. 
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a) 
1.4
4+
b) 
 
Scheme 4: Chemical structure of rotaxane 1.4 and schematic representation of its operation as an 
autonomous molecular shuttle driven by visible light. The most significant steps are: step 1: photoexcitation 
of the porphyrin unit; step 2: electron transfer from the porphyrin to the fulleren unit; step 4: electron tranfer 
from station D1 to the porphyrin; step 5: shuttling of the ring to station D2; step 7: electron transfer from the 
fullerene unit to station D1; step 8: shuttling of the ring back to station D1 (Reproduced from ref. 63). 
 
 
The TTF unit can be electrochemically oxidized only in a limited fraction of the rotaxane 
molecules. The authors propose that this system occurs in folded conformations in which 
the electron-donating (P, TTF, and DNP) and -accepting (C60) units can interact 
electronically with each other, resulting in the TTF being protected against oxidation 
performed by an externally applied electric potential. Moreover, the authors suggest that  
as the structural complexity increases, the overall properties of the system cannot be easily 
rationalized solely on the basis of the type and sequence of the functional units 
incorporated in the molecular framework, but also conformational effects have to be taken 
into consideration, in a way reminiscent of the secondary and tertiary structures of 
biomolecules. 
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An high level of sofistication was achieved with a “molecular elevator” 1.5.
64 In this 
system, three shuttle units are used in parallel to achieve a translational motion of the 
“platform” with respect to the “rid”. The two stations of each rotaxane unit are ammonium 
and bipyridinium, and the triple crown-ether platform can switch from “top” and “bottom” 
configuration with simple acid-base chemistry (Scheme 5). In particular, experimental 
results have shown that the three rotaxane units perform the shuttling one at the time. 
 
 
 
a) 
  [1.5·3H]
9+  1.5
6+
 
 
b) 
 
Scheme 5: Chemical structure (a) and graphical scheme (b) of a molecular elevator 1.5 (adapted from ref. 59 
and 64). 
 
 
Rotaxanes that can allow control of the pirouetting movement have also been 
described. In Scheme 6, [2]rotaxane 1.6 is shown as example where, by oxidation or 
reduction of the copper center, it is possible to control which of the two binding sites of the 
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macrocycle interacts with the thread.
65 This switching process results to be particulary fast 
(on the milliseconds time scale) due to the lack of steric hindrance. 
 
 
 
 
dpp-[Cu
I(1.6)]  terpy-[Cu
II(1.6)] 
 
Scheme 6: Pirouetting control via oxidation and reduction of a metal template in rotaxane 1.6 (adapted from 
ref. 59). 
 
 
Among controlled motion at molecular level in catenanes, one of the most remarkable 
examples is the system reported by Leigh in 2003.
66 On the bigger macrocycle of the 
[2]catenane 1.7 represented in Scheme 7a, there is one succinic amide ester station, C (not 
photoactive), and two fumaramide stations, A and B, with differing macrocycle binding 
affinities. Due to the vicinity to a benzophenone unit which works as a photosensitizer, 
station A can be selectively photoisomerized at 350 nm, before photoisomerization of the 
other fumaramide station B at 254 nm. In this way, the relative order of binding affinities 
can be selectively controlled, and sequential movement of the small macrocycle can be 
performed (Scheme 7b). However, this rotation is not directional, because there is no 
control on the direction that the small macrocycle will take to go from one station to the 
next, which is entirely left to Brownian motion. 
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a) b) 
(E,E)- 1.7 
 
Scheme 7: Chemical structure (a) and operating cycle (b) of [2]catenane 1.7 that can perform stimuli-induced 
sequential movement. [conditions in (b): a) irradiation at 350 nm; b) irradiation at 254 nm; and c) D; or 
catalytic ethylenediamine, D; or catalytic Br2, irradiation at 400-670 nm.] (reproduced from ref. 66). 
 
 
Unidirectionality can be achieved when also another small macrocycle is incorporated 
in the structure to form the [3]catenane 1.8 shown in Scheme 8. In this case, also station D, 
with less binding affinity for the small ring than stations A, B and C, plays a role. 
Following the same procedure shown in Scheme 7, each macrocycle will in turn move and 
block a direction of passage for the other macrocycle, in a “follow-the-leader” process. 
When (E,E)-1.8 is converted into (Z,E)-1.8, the ring on station A can only go on station C 
via station D, as station B is blocked by the presence of the other ring. Analogously, after 
conversion to (Z,Z)-1.8, the ring on station B can only reach station D via station A. In the 
third step, (E,E)-1.8 is reobtained, and the ring on station C will shift on station B, while 
the ring on station D will shift on station A. The two small rings are now occupying the 
same stations than in the beginning of the cycle, but with inverted position. Repeating 
again these three steps, complete a full cycle, where both the small rings are back in the 
original position, and performed an anticlockwise rotation. This was the first reported 
example of unidirectional rotation in interlocked molecules. 
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a) 
          
b) 
(E,E)-1.8 
(Z,E)-1.8  (Z,Z)-1.8 
(E,E)- 1.8 
(Z,Z)-1.8  (Z,E)-1.8 
(E,E)-1.8 
 
Scheme 8: Chemical structure (a) and operating cycle (b) of [3]catenane 1.8 that can perform stimuli-induced 
unidirectional rotation. [conditions in (b): 1) irradiation at 350 nm; 2) irradiation at 254 nm; and 3) Δ; or 
catalytic ethylenediamine, Δ; or catalytic Br2, irradiation at 400–670 nm.] (Reproduced from ref. 66). 
 
 
Based on the interlocked molecular design of rotaxanes, a “hermaphrodite molecule” 
was synthesized,
67 which immediately provided the idea for the so called molecular 
muscle.
68,69 It consists in a rotaxane dimer capable of undergoing contraction or stretching 
under the action of a chemical signal. In particular, due to the different affinities on the 
coordination sites of molecule 1.9 (i. e. tetra or penta-coordination), motion is activated by 
exchanging copper(I) (extended isomer) with zinc(II) (contracted isomer) via demetalation 
with KCN (Scheme 9).  
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[1.9·Cu
I]2
2+ 
1.92
 
[1.9·Zn
II]2
4+ 
 
Scheme 9: Operarating scheme (a) and molecular structure with working cycle (b) of the first molecular 
muscle 1.9. (reproduced from ref. 69) 
 
 
More recently, another example of molecular muscle controlled by pH has been 
reported (Scheme 10).
70 When acid is added to molecule 1.10, the amine stations will 
protonate, and as a result strongly interact with the crown ether macrocycles (extended 
isomer). When base is used to deprotonate the amine units, the crown ether macrocycles 
will have a higher binding towards the bipyridinium stations, cousing a relative shutteling 
of the two monomers (contracted isomer). The lengths of the contracted and extended 
isomers are 2.2 and 3.1 nm, respectively. 
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Scheme 10: A molecular muscle 1.10 driven by pH. (adapted from ref. 70) 
 
 
The first example of macroscopic mechanical motion triggered by shuttling in a 
rotaxane was demonstrated with the electroactive [3]rotaxane 1.11 shown in Scheme 11.
71 
A self-assembled monolayer of these rotaxanes was deposited on an array of 
microcantilever beams. Under the chemical stimulus of Fe(ClO4)3 as oxidant for the TTF 
stations, the cyclophanes shutteled to the hydroxynaphthalene stations, causing a 
shortening of the inter-ring separation from 4.2 to 1.4 nm. The macroscopic effect on the 
cantilever was an upward bending of the beam by about 35 nm. Reduction with ascorbic 
acid returned the cantilever to its starting position. The process could be repeated over 25 
cycles, albeit with gradually decreasing amplitude. 
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a) 
1.11
8+
 
 
 
b) 
1.11
8+  1.11
12+
 
Scheme 11: a) Chemical structure of [3]rotaxane 1.11. b) Schematic operational representation of the device. 
(reproduced from ref. 71b) 
 
 
It should be noted, however, that a single molecule optomechanical device was reported 
in 2002,
72 where photoisomerization of an azobenzene polymer covalently connected to 
AFM tip and glass slide was used to perform measurable work. 
 
 
Another important category of molecules that can perform controlled motion is 
represented by the so called “molecular scissors”. Molecule 1.12 is reported in Scheme 12 
as example.
73 The ferrocene, the azobenzene and the phenyl groups are the pivot point, the 
handle and the blades of the scissor, respectively. By irradiation with light at different 
frequencies, a 49º rotation around the metal center can be performed.
73b It has been 
reported also that, by oxidation from Fe(II) to Fe(III), the cis isomer can be switched back 
to the trans isomer using a 350 nm light. 
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cis-1.12 trans-1.12
 
 
Scheme 12: A moleular scissor 1.12 controlled by light. 
 
 
The light induced conformational change of a molecular scissor has been exploited to 
perform a mechanical twisting of bis-isoquinoline in a host/guest complex. Specifically, 
when two porphyrin units were connected to the “blades”, it was possible to form a 
host/guest complex with bis-isoquinoline.
74 In this system, the light induced 
conformational change of the molecular scissor is harnessed to perform a mechanical 
twisting of the guest bis-isoquinoline (Scheme 13). 
 
 
 
trans-1.13
 
cis-1.13
 
Scheme 13: Host/guest complex where the light induced conformational change of the molecular scissor 1.13 
determines mechanical twisting of bis-isoquinoline. (reproduced from ref. 74) 
 
 
 
Envisioning the development of a linear molecular motor, a system in which a small 
molecule can walk down a track has been recently reported.
75 The working mechanism of 
molecule 1.14 is based on the choice of two orthogonal reactions that can be alternately 
performed in order to lock and unlock the two different types of covalent bonds that join 
the two components together. In this way, each foot of the walker can act as a temporarily 
fixed pivot for the other. The chemical structures and the operative scheme of this system 
are shown in Scheme 14. 
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3,4-1.14
  1,2-1.14
  2,3-1.14
≡
 
1,4-1.14
 
 
Scheme 14: Chemical structure and operative scheme of the molecular walker 1.14. The isomers are named 
after the position of the walking unit. (Adapted from ref. 75). 
 
 
However, the system is not designed to perform unidirectional movement, resulting in a 
statistical distribution of the expected “positional” isomers. Moreover, the system suffers 
of the lack of selectivity, yielding also the unwanted 1,4-isomer. 
 
 
1.5.2  Rotational motors 
 
Rotary motors occupy an important place in the nanotechnology toolbox. Naturally, 
rotation is particularly interesting when unidirectionality is achieved. The first two 
examples of unidirectional molecular rotary motors were reported in 1999 independently 
from our group (a light driven motor)76 and from Kelly’s group (a chemically driven 
motor)77a in two adjacent publications. 
Structure and mechanism of Kelly’s chemically powered molecular motor 1.15 are shown 
in Scheme 15.
77 Phosgene is used as a chemical “fuel” to provide the isocyanate, which 
will react with the free hydroxy moiety when it comes close enough, forming a urethane 
linkage. As soon as this bond is formed, the molecule is cought in a strained conformation; 
this steric stress is released after the helicene moiety slips past the blade of the trypticene to 
which it is connected, ending up in a more stable conformation. This decrease of energy 
accounts for unidirectionality of the process. 
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1.15b  1.15a  1.15c 
1.15e  1.15d  1.15f 
 
Scheme 15: Kelly’s chemically powered unidirectional molecular rotor 1.15. 
 
 
Although this rotation is unidirectional, it is limited to one single 120º rotation step.  
 
 
More recently, molecule 1.16 has been reported from our group as another chemically 
powered molecular rotor which can perform continuous rotation.
78 In this system, the 
rotation consists in the movement of a phenyl rotor respect to a naphthyl stator around a 
single bond axle (Scheme 16). The rotation occurs through a series of chemical reactions. 
Reduction of the lactone with the (S)-Corey-Bakshi-Shibata ((S)-CBS) catalyst, protection 
of the newly formed phenol, oxidation of the alcohol and deprotection of the other phenol 
with the consecutive spontaneous lactonization account for the first half of the rotation. 
When this procedure is followed again inverting the roles of the protecting groups of the 
two phenols involved (allyl and PMB), the cycle is completed. It should be remarked that 
in 1.16a and 1.16c the rotation is restricted by a covalent linkage, but helix inversion does 
occur. In 1.16b  and 1.16d, instead, rotation is restricted by nonbonded interactions 
between the two halves of the system. These forms are configurationally stable. The 
rotation relies on stereospecific cleavage of the covalent linkages in steps (1) and (3), then 
regiospecific formation of covalent linkages in steps (2) and (4). The direction of rotation 
is governed by the choice of chemical reagents: (S)-CBS and (R)-CBS catalysts determine 
opposite rotational directions. 
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1.16a
OMe
O OPMB=
1.16b 1.16d 
1.16c
 
Scheme 16: A chemically powered unidirectional molecular rotor 1.16 which can perform full 360º rotation. 
1) first stereospecific cleavage of the covalent linkage; 2) first regiospecific formation of a covalent linkage 
(after oxidation step 5); 3) second stereospecific cleavage of the covalent linkage; 4) second regiospecific 
formation of a covalent linkage (after oxidation step 5) (reproduced from ref. 59). 
 
 
The unidirectional light driven molecular rotary motor 1.17 reported by our group has 
been the first in its genre.
76 It is a sterically overcrowded alkene made of a central double 
bond, two naphthalene moieties and two stereogenic centers. The rotation occurs in four 
steps: two photochemical cis/trans isomerizations and two thermal rearrangements 
(Scheme 17). The definition of “stable” and “unstable” isomers refers to the axial and 
equatorial orientation of the methyl groups, respectively. Indeed, when the methyls are in 
the axial orientation, the central double bond experiences less torsion, and the energy 
decreases. It should be stressed that the words “stable” and “unstable” refer to a relative 
thermodynamic stability, as both isomers are stable conformations at energy minima. 
When the stable trans is irradiated with UV light, a cis/trans photoisomerization is 
obtained, leading to the unstable cis isomer. Increase of the temperature will determine a 
spontaneous thermal rearrangement where the two naphthyl groups slip past each other to 
reduce the steric hindrance between the methyl groups, leading to the stable cis isomer. 
Irradiation of the obtained stable cis with UV light will produce the unstable trans isomer, 
which can thermally isomerize to the stable trans isomer, completing one full 360º cycle 
around the central double bond. It has to be emphasized that the two photochemical steps 
involve equilibrium between two species (photostationary state – PSS), while the thermal 
rearrangements are irreversible, which provides for the unidirectionality of the process. 
Moreover, it is of note that the helicity of the molecule is inverted at every step, and that 
the configuration of the stereogenic centers determines the direction of rotation. 
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Scheme 17: Rotary cycle of first generation molecular motor 1.17. 
 
 
A free energy scheme of the rotary cycle of a molecular motor is displayed in Figure 
15. Starting from the stable trans isomer, irradiation leads to the excited state, and the 
molecule relaxes to the energy minimum. In case of motor 1.17, the stability of the excited 
state is mostly given by the formation of two 1-methylnaphthyl radical units (Figure 14), as 
demonstrated by a density functional study.
79 
 
 
 
 
Figure 14: Structure of the excited state of 1.17. 
 
 
A decay to the ground state follows. At this point, the molecule will move on the potential 
energy surface of the ground state to reach the energy minimum of the unstable cis or to go 
back to the energy minimum of the stable trans. It should be stressed that irradiation of the 
stable trans isomer leads to a photostationary state (PSS), that is a dynamic equilibrium 
under irradiation conditions between stable trans and unstable cis isomers. Indeed, under 
irradiation, both the stable trans and the unstable cis isomers lead to the same excited state, 
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which, after relaxation and decay, will give a specific mixture of stable trans and unstable 
cis. The obtained stable trans/unstable cis ratio depends on the conic interaction between 
the potential energy surfaces (PES’s) of the ground state and excited state of the molecule, 
as recently demonstrated in a theoretical study.
80 
Subsequently, providing enough thermal energy will yield spontaneous rearrangement 
of the unstable cis isomer to the stable cis. The stable isomer does not undergo significant 
convertion back to the unstable because, for doing so, it has to exceed a higher energy 
barrier. This implies a quantitative conversion from the unstable to the stable isomer, 
which ensures for unidirectionality of the rotation process of the motor. 
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Figure 15: Free energy profile of the rotation cycle of a molecular motor. Only the steps relative to forward 
rotation are indicated. 
 
 
Starting from the stable cis isomer, a second PSS with the unstable trans followed by a 
second thermal rearrangement from unstable trans to stable trans complete a 360º rotation 
around the central double bond of the motor. 
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However, depending on the structure of the molecular motor, somewhat more complex 
mechanisms can also be found.
81 
 
 
Just one year after the report of motor 1.17, the so called “second generation” 
molecular motors were reported,
82,83 in which the two halves of the motor are different. 
The rotary working cycle is analogous to the one for first generation motors, as shown for 
motor  1.18 in Scheme 18. Not only this new design offers new functionalization 
possibilities, but it also proves that one single stereogenic center is enough to control 
unidirectional rotary motion. 
 
 
 
 
λ = 365 nm 
 (2S)-(M)  
stable trans 1.18 
 (2S)-(P)  
unstable cis 1.18 
Δ  Δ 
λ = 365 nm
   (2S)-(M)  
stable cis 1.18
 (2S)-(P)  
unstable trans 1.18   
 
Scheme 18: Rotary cycle of second generation molecular motor 1.18. 
 
 
More recently, the continuous rotation of a second generation molecular motor has been 
analyzed in detail in order to quantify and optimize the rotation dynamics.
84 In this study, 
the reaction constants of all the processes in the rotary cycle have been determined, and a 
mathematical model to describe the full motor dynamics has been proposed. Moreover, the 
“rotational excess”, r.e.,
85 defined as the relative difference between total foreward and 
backward full rotations, is proposed as parameter to quantify the degree of unidirectinality 
of the rotary process. 
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Since then, many other molecular motors based on overcrowded alkenes have been 
reported. One of the most important features achieved is the enhancement of the speed of 
the thermal isomerizations. Considering that the photochemical isomerization occurs in the 
picoseconds time scale,
86,
87 the thermal isomerization is to be addressed as the rate 
limiting step in the rotation process, and can be considered as the indicator of the speed of 
a motor. In Table 1 the half lives of the most important first generation molecular motors 
are reported. 
 
 
half life at 20ºC (t1/2
20ºC) 
 
1.17 
(refs. 76, 88) 
 
1.19 
(ref. 89) 
 
1.20 
(ref. 90) 
unstable trans  439 h  18 s  1.2 s 
unstable cis  32 min  74 min  1.5 d 
 
Table 1: Half lives at 20ºC of the unstable isomers of the most important designed first generation molecular 
motors. 
 
 
It can be seen that, going from structure 1.17 to 1.19
89 to 1.20,
90 that the rate of the thermal 
isomerization of the unstable trans decreases drastically, while the rate of the thermal 
isomerization of the unstable cis increases. 
 
In Table 2 the half lives of few selected examples of second generation molecular 
motors are shown.
90,91,92 From these values, it appears evident how broad the available 
range of speed of artificial molecular motors is. In other words, it could be said that the 
temperature range of their applicability is significantly broad. Remarkably, this is an 
advantage on the natural molecular machines, which are designed to be functional only in a 
very narrow window of temperature.
37 
 
 
 
     
1.21 
(ref. 91) 
      
1.22 
(ref. 91) 
 
1.23 
(ref. 90) 
     
1.24 
(ref. 92) 
half life at 20ºC (t1/2
20ºC)  > 1370 years  190 s  15 s  1.1·10
-7 s 
 
Table 2: Half lives at 20ºC of the unstable isomers of a selection of second generation molecular motors. 
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From our studies, it has been demonstrated how the functionalization at the stereogenic 
center(s) plays a fundamental role in the performances of the motor, due to the structural 
perturbations that this implies. Examples for first and second generation molecular motors 
are reported in Table 3
88 and Table 4,
93 respectively.  
 
 
 
(ref.
 
88) 
half life (t1/2) 
    
R = 
 
Me 
1.25 
Et 
1.26 
i-Pr 
1.27 
unstable trans  439 h 
(20ºC) 
317 h 
(20ºC) 
17.4 h 
(110ºC)
94 
unstable cis  32 min 
(20ºC) 
18 min 
(20ºC) 
instantaneous 
conversion at 
-60ºC 
 
Table 3: Half lives of the unstable isomers of first generation molecular motors with different substituents at 
the stereogenic centers. 
 
 
 
(ref. 93) 
     
R =  Ph 
1.28 
Me 
1.22 
i-Pr 
1.29 
t-Bu 
1.30 
half life at 20ºC (t1/2
20ºC)  587 s  190 s  95 s  5.74·10
-3 s 
 
Table 4: Half lives of the unstable isomers of second generation molecular motors with different substituents 
at the stereogenic center. 
 
 
In both cases it is clearly demonstrated that a bulkier substituent causes a reduction of the 
half life of the unstable isomer, which means a decrease in the activation barrier for the 
conversion of the unstable to the stable isomer.  
A bulkier substituent has a destabilizing effect on the ground state due to the fact that it 
will increase steric hindrance. As the activation barrier is the energy difference between the 
transition state and the ground state, a decrease of the activation barrier can be explained 
considering that the destabilizing effect caused by a bulkier substituent affects the ground 
state more than the transition state. This concept is graphically illustrated in Figure 16.
88,93 
 
 
  36Introduction to molecular nanotechnology. Molecular motors: theoretical aspects, natural and synthetic 
examples 
 
 
 
Δ
‡G 
stable 
isomer 
unstable 
transition 
state 
isomer 
 
energy   
unstable 
isomer 
stable 
isomer 
transition 
Δ
‡G 
state   
 
 
 
 
 
 
 
 
 
 
Figure 16: Energy profile for the thermal isomerization process of a molecular motor, illustrating the rational 
for the reduction of the activation barrier whereby the ground state of the unstable isomer is destabilized 
more than the transition state. 
 
 
It can be observed that in the energy profile on the left, both the ground state and the 
transition state energy are destabilized compared to the energy profile on the right. 
However, the ground state is destabilized of a greater extent than the transition state, 
resulting in a lower activation energy (Δ
‡G). 
 
But the development of molecular motors have pointed also in directions other than 
tuning the speed of rotation. 
Recently, the first molecular motor that not only performs unidirectional rotation, but 
also allows for control of the rotational direction, has been prepared.
95 It’s operating cycle 
is shown in Scheme 19. 
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hν  hν  base 
 counter- 
clockwise 
 rotation 
 (3R)-(P) 
stable 1.31
 (3R)-(M) 
unstable 1.31 
 (3S)-(P) 
unstable 1.31 
 (3S)-(M) 
 stable 1.31   clockwise 
rotation 
Δ  Δ  Δ Δ
hν  hν  base
 (3R)-(P) 
stable 1.31 
 (3R)-(M) 
unstable 1.31
 (3S)-(P) 
unstable 1.31 
 (3S)-(M) 
 stable 1.31 
 
Scheme 19: Operating cycle of motor 1.31 (adapted from ref. 95). 
 
 
The proton at the stereogenic center of motor 1.31 is acidic because of the presence of an 
electron withdrawing group on the same carbon. Therefore, a basic catalyst (sodium 
pentoxide) can be used to deprotonate the stereogenic center which, after reprotonation, 
yields epimerization. The stereogenic center was designed on position 3 in order to avoid 
allylic rearrangement expected after deprotonation with the stereogenic center in the more 
common position 2. 
As represented in Scheme 19, when the epimerization is performed on the unstable isomer 
of the motor, the stable isomer but with the opposite configuration is obtained. Just like in 
the thermal isomerization, also in the epimerization the higher stability of the product is 
responsible for the high conversion. Indeed, the stable/unstable ratio at equilibrium after 
epimerization was 91:9. In this way, the direction of unidirectional rotation can be decided 
and changed at will. 
 
 
Enantiopure molecular motors have been tested as chiral dopants in liquid crystals. 
Motor 1.28 (Figure 17a) resulted to be very effective at inducing helical organization in a 
liquid crystal film.
96 In particular, it induced a cholesteric phase showing a finger print 
textures. Upon irradiation, the motor isomerizes to the unstable form, which is 
accompanied by inversion of helicity. The effect on the texture is a reorganization in a 
rotational fashion, untill the photostationary state is reached. This is due to unwinding of 
the cholesteric helix associated with the photoisomerization of the chiral dopant.
97 During 
thermal isomerization, the motor adopts again the initial helicity, and the texture is 
observed to rotate in the opposite direction. 
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a)  b)  c) 
1.28 
 
Figure 17: a) Structure of molecule 1.28. b) and c) optical profilometry images of the LC film doped with 
motor 1.28 (1% by weight), recorded at a 90 s interval during the thermal step of the motor. The size of the 
images is 240 μm
2 (reproduced from ref. 96a). 
 
 
Figure 17b and c show the optical profilometry of the LC film doped with motor 1.28 
during the thermal step of the motor. The images were recorded at a 90 s interval, showing 
the counter-clockwise movement of the surface relief. 
Interestingly, the rotation of the texture induced by the helicity change of the motor can be 
harnessed to move a 5×28 μm glass rod placed on top of the film. This is the first example 
where isomerization of a molecular motors is used to generate a torque to move a 
macroscopic object. It should be stressed that the observed torque is not generated by the 
motors directly, but by the rearrangement of the mesogens due to the isomerization of the 
motor molecules.
97 
 
 
1.5.2.1  Molecular rotary motors in a more complex topology 
 
Functionalization of molecular motors with additional groups constitutes one step 
further toward the construction of molecular devices. Few examples where molecular 
motors are employed in a more complex topology to achieve a special function are 
presented. 
 
A molecular gearbox 1.32 was prepared connecting a m-xyly moiety to the lower half 
of a second generation molecular motor (Figure 18a).
98 Free rotation of this group is 
prevented by steric hindrance with the upper half. Kinetic analysis has shown that the rate 
of rotation of the xylyl group is different for each of the four isomers of the motor part. 
This is due to the fact that in each configuration, the xylyl group experiences a different 
degree of steric hindrance. Therefore, the rotation of the xylyl group can be modulated by 
controlling the conformation of the motor during its four steps cycle. The rate constants at 
different temperatures of the rotation around the aryl–aryl single bond for all four isomers 
have been calculated with 2D EXSY NMR spectroscopic measurements, and are reported 
in Figure 18b. 
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a)  b) 
1.32 
 
Figure 18: a) Molecular structure of a molecular gearbox 1.32. b) Rate constants at different temperatures of 
the rotation around the aryl–aryl single bond for all four isomers (reproduced from ref. 98). 
 
 
Both the unstable equatorial conformations show slower rotation than the stable axial 
conformations. This can be explained on the basis of a higher steric hindrance, which 
limits the freedom of rotation of the xylyl group. However, note that, perhaps 
counterintuitively, both the cis isomers show faster rotation than the trans isomers. 
The same xylyl group has been implemented as rotor unit in a series of photochemical 
molecular switches, and the change of its dynamic properties under the control of the 
switch parts has been investigated.
99 The results show that also in the case of these 
switches, the rotor is faster in the cis isomer than in the trans isomer. 
 
The switching properties of a molecular motor have recently been employed to achieve 
light driven control of intramolecular H-stacking of two perylenebisimide (PBI) units.
100 In 
this study, two PBI units have been tethered to the stable trans isomer of a molecular motor 
(Figure 19). Spectroscopic measurements of trans-1.33 showed the absence of significant 
interactions between the two appended PBI units in this conformation. Photoswitching of 
the motor to the unstable cis isomer, however, leads to the formation of H-type cofacial π-π 
stacks. That the observed π-π stacking is intramolecular and not intermolecular, is 
demonstrated by its independence from concentration and from the 
1H-NMR signals of the 
PBI protons being sharp and well resolved.  
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  trans-1.33  trans-1.33 
 
Figure 19: a) Molecular structure of 1.33 and b) its operating scheme representing the photo controlled cis-
trans isomerization with the relative control on the π-π stacks of the PBI units (adapted from ref. 100). 
 
 
Using light of a different wavelenght, the system can be switched back to the trans isomer 
in high yield, restoring the initial properties of the system. The long half life of the unstable 
cis isomer (58.5 h at 20ºC) ensures the absence of a significant thermal isomerization to 
stable cis upon the time needed to carry out the study. 
 
 
In another recent work, the formation of an intramolecular pseudorotaxane was 
exploited to function as a lock for the rotary motion of a molecular motor.
101 The locking-
unlocking scheme of molecule 1.34 is represented in Scheme 20. 
 
 
 
cis-1.34-H·PF6  cis-1.34 
 
Scheme 20: Locking-unlocking scheme of the rotary motion for molecular motor 1.34. (reproduced from ref. 
101). 
 
 
In the presence of base, the dialkylamine unit is deprotonated, and does not interact 
significantly with the crown ether moiety. Under these conditions, the rotary function of 
the motor molecule is active (“unlocked” mode) and can be observed when light and heat 
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are supplied. Instead, when acid is added, the dialkylamine unit protonates to form a 
dialkylammonium cation, which immediately forms a [1]pseudorotaxane with the crown 
ether. This hydrogen bond interaction is strong enough to prevent the expected 
photoinduced cis-trans isomerization under irradiation, and the rotor is blocked in this 
configuration (“locked” mode). Addition of base deprotonates the alkyl ammonium unit, 
which causes the disassemble of the intramolecular pseudorotaxane. The motor unit is 
therefore “unlocked” and can perform rotation again. Hence, this system can be seen as a 
molecular motor with a lockable rotary function. 
 
 
A trimer of molecular motors 1.35 has been synthetized and studied (Figure 20a).
102 Its 
design is based on the ultrafast motor 1.36 shown in Figure 20b, which has been found to 
have a half life of 1.6·10
-4 s at 20ºC.
102 
 
 
O
O
O
                 
a)  b) 
 
1.35  1.36
 
Figure 20: a) Trimer of a molecular motor 1.35 used to form a self-assembled monolayer on a HOPG 
surface. b) Correspondent monomer 1.36. 
 
 
Spectroscopic studies on 1.35 and 1.36 were compared. The results showed that the 
photochemical and thermal isomerisation behaviour of the individual motor units in trimer 
1.35 is preserved, and that the three motor units operate independently. Moreover, the 
trimer was found to form self-assembled monolayers at the liquid/solid interface between 
1-phenyloctane and HOPG (higly oriented pyrolytic graphite). STM studies of the 
monolayer formed with enantiopure (S)-(M)-(S’)-(M’)-(S’’)-(M’’) trimer demonstrated the 
formation of a chiral honeycomb structure, where chiral self recognition between the 
helically shaped motor units plays a fundamental role. 
However, no movement at the molecular level could be observed under irradiation of 
the monolayer with UV light.
103 
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A molecular rotary motor has been implemented in the structure of nanocar 1.37 in an 
attempt to achieve controlled directional motion on surface
104 (for examples of nanocars 
consisting only in a rigid chassis and free rotating wheels see ref. 105 and 106. For a 
recent review on the topic of nanocars, see ref. 107). Molecular structure and working 
principle of this nanocar are reported in Figure 21. 
 
 
 
         
1.37 
a)  b)  ii  i 
iii  iv 
 
 
Figure 21: Molecular structure ( • = carbon atoms in the carborane units) (a) and working principle (b) of a 
nanocar 1.37 featuring a light driven molecular rotary motor as ‘engine’ (reproduced from ref. 104). 
 
 
Nanocar 1.37 incorporates in its chassis a second generation light driven molecular motor 
developed in our group, which is expected to function as the ‘engine’ to achieve 
unidirectional linear movement on a surface. p-Carborane units have been chosen as 
wheels. It is of note that when fullerene buckyballs are employed as wheels instead, they 
quench the photochemistry of the motor unit.
104 The wheels are connected by a front axle 
and a rear axle. Both axles are connected to the lower half of the motor through acetylene 
linkers. The upper half of the motor, free from functionalization, is expected to propel the 
nanocar forward during its rotation (Figure 21b). 
Experiments demonstrated that the rotary function of the motor is active in solution. 
However, the expected light driven movement across a surface has not yet been 
demonstrated.
108 
The possibility to build a light powered nanocar is currently under investigation also in 
our group.
109 
 
 
Other molecules which could potentially perform directionally controlled movement on 
a surface by means of molecular motor units have been recently designed and synthesized 
in our group.
110 An example of these systems is reported in Figure 22.  
 
  43Chapter 1 
 
    
1.38 
 
Figure 22: Molecular structure and potential operative mechanisms of directional movement of nanowalker 
1.38. 
 
 
Molecule 1.38 has been designed including two second generation molecular motor units 
connected through a rigid scaffold. Importantly, the axles of rotation of the two motor 
subunits are parallel. The lower halves of the motor units are expected to work as motored 
wheels to achieve linear motion under irradiation. 
It is of note that, having this molecule two stereogenic centers, two possible 
configurations are possible: homochiral and heterochiral. The molecule in the heterochiral 
configuration can be expected to perform linear walk, as the two motor units rotate in a 
cooperative way to propel the molecule in the same direction. In the homochiral 
configuration, instead, the two motor units will ‘push’ the molecule in opposite directions 
cancelling out each other contribution, resulting in no translational movement.  
Moreover, two mechanisms of linear motion can be hypothesised for 1.38, as shown in 
Figure 22: a small-steps mechanism, where the motion is due to the rotation of the wheels 
while the scaffold remains steady, and a large-steps mechanism, where the motion is due 
instead to the rotation of the scaffold while the wheels remain on the surface. 
Studies on double motor 1.38 have shown that in solution the rotary function is 
operative, although with poor photoconversion. However, the wanted controlled directional 
movement on a surface could not been demonstrated thus far. 
 
 
1.5.2.2  Molecular rotors to come 
 
Molecular propellers are a category of molecular rotors designed to propel fluid. 
Naturally, in an alternative application they could be employed to rotate under the 
influence of the flow of a fluid. They are expected to have significant implications for a 
potential design and assembly of molecular pumps and motile devices.
111 However, due to 
the intrinsic difficulties in their synthetic preparation, their studies are currently only 
theoretical. 
An example of bulk and superficial propeller based on carbon nanotubes is shown in 
Figure 23.
111 Molecular dynamic simulations (movies of which are available on line as 
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supplemental material to the original paper) showed that their pumping efficiency is highly 
sensitive not only to the size and shape of the blades, but also to the 
hydrophilic/hydrophobic interactions between blades and liquid.
 In particular, if the blades 
are hydrophilic, water molecules form hydrogen bonds with the atoms in the polar blades. 
This can largely block the flow of other water molecules around the blades and 
significantly slow down their pumping. 
 
 
 
 
Figure 23: Theoretical model of the bulk (left) and surface (right) water propellers that pump water along the 
tube (z) axis and orthogonal to it, respectively. Both systems are based on the (8,0) CNTs and have covalently 
attached aromatic (hydrophobic) blades. Water is partly removed from the front to uncover detail of the 
propellers. (reproduced from ref. 111) 
 
 
Other theoretical molecular propellers developed in the group of J. Michl are reviewed 
in ref. 112. 
 
 
Molecule 1.39 (Figure 24b) has been designed to function as a molecular rotary motor, 
inspired by Benjamin Franklin’s electrostatic motor
113 (Figure 24a). Benjamin Franklin’s 
electrostatic motor consists in small insulated charge containers arranged in a carrousel 
which can approach two electrodes of opposing polarities. When a charge container is 
close to an electrode, it becomes charged, and thus immediately repelled by this electrode 
of the same sign, which triggers a rotational motion of the carrousel. Neutralisation and 
even reversal of the charge occurs when the charge container reaches the other electrode. 
Analogously, rotor 1.39 consists of a rotor (a rigid aromatic platform with a 
cyclopentadienyl core with five rigid arms), a stator (a tris-indazolyl borate functionalized 
with three ethoxyxarbonyl groups to function as tripod), a joint between rotor and stator (a 
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ruthenium
II ion), five redox active units (ferrocenes), and five insulating spacers 
(bicyclo[2,2,2]octane) to minimize unwanted intramolecular electron transfer.
114 
 
 
 
       
 
Figure 24: a) Benjamin Franklin’s electrostatic motor (reproduced from ref. 115). b)  structure of rotor 1.39. 
 
 
The expected working scheme of rotor 1.39 is displayed in Figure 25. The ferrocene 
closest to the anode is oxidized (a); the oxidized ferrocene is pushed back towards the 
cathode by electrostatic repulsion determining 1/5 of rotation (b); the ferrocenium ion, now 
close to the cathode, is reduced, while the next ferrocene is oxidized at the anode (c); 
electrostatic repulsion between the anode and the newly oxidized ferrocene determines the 
second fifth of rotation (d); and so forth.
116 
 
 
 
*  * 
*  * 
a  b  c d 
a)  b) 
1.39 
 
Figure 25: Working scheme of rotor 1.39 anchored on a surface (adapted from ref. 116).  
 
 
Although electrochemical studies of rotor 1.39 in solution indicate promising effects, 
its anchoring on a surface to function as a nano-electrostatic rotor propelled by 
nanoelectrodes is still awaiting for demonstration.
116 
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1.6  Conclusions and content of this thesis 
 
 
In the rush toward the nanotechnological revolution, the bottom up approach is in the 
hands of chemists. Many molecules have been designed where motion can be controlled. 
However, applications of these molecules to build useful devices has yet to come. Natural 
nanomachines still appear to be way superior in complexity and efficiency compared to 
synthetic molecular motors. 
The contribution from our group in this growing field consists in particular in the design of 
molecules that can perform unidirectional rotation around a double bond. Since the report 
of the first light driven molecular motor (1999),
76 many developments have been achieved, 
like tuning of the speed, control on the direction of rotation, coupled control of the speed of 
a rotor with the isomerization of the motor, rotation of the texture of a liquid crystals film, 
and others. 
 
In this thesis, new molecular motors belonging to the family of first generation five-five 
membered ring are synthetised, and their properties investigated. In particular, possibilities 
coming from derivatization at the stereogenic centers are explored. 
In Chapter 2, a first generation five-five membered ring motor is derivatized with 
hexadecanyl chains at the stereogenic centers, in order to investigate how this design 
affects the rotary function. The possibilities raising from this study are to tether larger 
molecules to the motor unit. 
Moreover, the first generation five-five membered ring motor 1.19 with methyl groups at 
the stereogenic center is further investigated. Alternative experimental conditions are 
demonstrated to improve its performances, and a theoretical study is carried to achieve a 
better insight in the rotation process. 
Chapter 3 presents a molecular motor functionalized with two hydroxy groups, which 
are linked to the stereocenters through a C3 chain. This functionalized motor was used to 
create loops of different size around the motor unit. The influence of these loops on the 
rotary function are investigated. 
In Chapter 4, the C3 link of the motor discussed in Chapter 3 was extended to C6. This 
structure was employed to yield two dimers of molecular motors: a linear dimer and a 
cyclic dimer. A 
1H-NMR study of these new systems has been carried out to reveal the 
effect of forcing two motor moieties in close proximity. 
In Chapter 5, another design of functionalized molecular motor is proposed. A phenol 
unit is connected to each stereogenic carbon, practically connecting an hydroxy group to 
the motor through a rigid link. This new functionalized motor has been used as a scaffold 
to achieve two new systems: a molecular walker designed to achieve controlled movement 
on a zink-porphyrin self-assembled monolayer, and a motor incorporating mesogenic 
moieties to be used in liquid crystals matrix. The rotary function of these molecular motors 
is investigated. 
In Chapter 6, the synthesis of a family of molecular motors incorporating an aromatic 
group at the stereogenic centers, in particular phenyl, benzyl, biphenyl and phenylbenzyl, 
is presented. The rotary function of these new motors is investigated. Molecular modeling 
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has been also used to gain a better insight in the structures, energy and spectroscopical 
properties of these molecules. 
In Chapter 7, a molecular “reel” is presented. It consists in a molecular motor to which 
a loop and two threads have been connected. At the other side of the threads, a bulky group 
has been attached. Such designed molecule can be addressed as a molecular reel: when the 
motor unit rotates, at least one of the thread is expected to pass through the loop (creating 
an intramolecular rotaxane) and to wind around the motor, much like, for example, the 
rope of a fishing rod does on the reel. The bulky units at the other end of the tread function 
as stoppers, to prevent the thread from unwinding. A 
1H-NMR study is presented. 
In conclusion, a series of new first generation molecular motors has been designed and 
the effect of a range of groups (for instance, loops) attached to the stereogenic centers 
investigated. 
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CHAPTER 2 
 
 
FIRST GENERATION 5-5 MEMBERED RING 
MOLECULAR MOTORS:  
FURTHER STUDIES 
AND DERIVATIZATION WITH LONG 
ALKYL CHAINS 
 
 
 
 
 
A C16 hydrocarbon chain has been introduced at the stereogenic centers of the first 
generation light-driven molecular motor based on a sterically overcrowded 
biphenanthrylidene. It was found that this derivatization does not affect the 
unidirectional rotary capability of the motor and does not cause a reduction of its 
speed, opening new possibilities for future functionalizations and applications. 
In a second part of the chapter, more convenient conditions for the study of first 
generation molecular motors are proposed, which allow for better photostationary 
states and more convenient 
1H-NMR analysis. Moreover, it is shown that the rotary 
cycle is made of five steps rather then four, and the energy barrier for the thermal steps 
are calculated and compared with the experimental results. Finally, 
1H-NMR 
calculations are proposed as useful tool to support and analyse experimental spectra, 
whereas ECD calculations are proposed to assign the absolute configuration of the 
motor. 
 
 
 
 
Part of this chapter has been published: G. Caroli, M. G. Kwit, B. L. Feringa, Tetrahedron, 
2008 Vol. 64, Issue 25, 5956-5962. 
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2.1  Introduction 
 
 
Inspired by the natural molecular motors abundantly present in biological systems,
1 and 
molecular switches
2 as trigger elements, several artificial molecular systems have been 
designed and synthesised
3 where rotor functions are present or external stimuli induce 
controlled translational or rotary motion. The remarkable progress in recent years is clearly 
demonstrated by the number of reviews recently published.
4  
In 1999, our group reported the first light-driven unidirectional molecular motor 2.1
5 
(Chart 1). It consists of a sterically overcrowded symmetric biphenanthrylidene, the main 
features of which are its intrinsic helical shape, the central C=C bond, that works as axis of 
rotation, two stereogenic centers with a methyl substituent that, due to steric hindrance, 
adopt an energetically preferred pseudoaxial orientation, whereas the molecule undergoes a 
stereoselective stilbene-type photoisomerization. In this system, repetitive unidirectional 
rotation around the central double bond (the axis of rotation) is achieved in four steps: two 
energetically uphill photochemical steps, each followed by an energetically downhill 
thermal step. The half life at 20ºC for the thermal step was reported to be 34 h
6 for the 
unstable to stable trans. Clearly, a half life of longer then 1 day is likely to be inappropriate 
for future applications in nanodevices. 
 
 
 
  2.2  2.1 
 
Chart 1: Structures of the 6-6 (2.1) and of the 5-5 membered ring (2.2) first generation molecular motors. 
 
 
Four years later, the five-membered ring version of this motor, motor 2.2
7 (Chart 1), 
was published. Motor 2.2  was found to undergo significantly faster thermal helix 
inversions. Indeed, the half life for the inversions from unstable to stable trans and from 
unstable to stable cis isomers were calculated to be only 18 s and 1.2 h, respectively. 
Therefore, due to these more convenient values, the design of motor 2.2 has been the most 
frequently employed for the first generation molecular motors made ever since. 
 
In this chapter, three groups of results are presented: the study of a derivatized version 
of  2.2 with long alkyl chains at the stereogenic center, a computational study on the 
thermal isomerizations of motor 2.2, and a further spectroscopic study on 2.2 (see 
following paragraphs). 
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2.1.1  First generation five-membered ring molecular motor derivatized 
with long alkyl chains 
 
To power future nanomachines, new and more complex molecular motors should be 
developed that can operate in the presence of a range of other functionalities, while the 
factors governing motor function have to be established. 
We have recently reported that changing the substituent at the stereogenic centers has a 
profound influence on the energy barriers for the thermal helix inversion as is evident from 
the experimental data in 2.3 (Table 1)
8 and 2.4 (Table 2).
9 In fact, not only the steric 
hindrance in the “fjord” region, but also conformational effects are involved in governing 
the thermal isomerization process. In particular, bulky groups can generate steric hindrance 
that destabilize the ground state. 
 
 
 R  t1/2 
unstable trans 
t1/2 
unstable cis 
2.3a  Me 439  h  32  min 
2.3b  Et 317  h  18  min 
2.3c  i-Pr  very slow  presumably too fast 
R
R
 
 
Table 1: Effect of different substituents at the stereogenic centers of a first generation 6-6 membered rings 
molecular motor on the speed of the thermal rearrangements. 
 
 
  
 R  t1/2 
2.4a  Ph 587  s 
2.4b  Me 190  s 
2.4c  i-Pr 95  s 
2.4d  t-Bu 0.0057  s 
R
                 
 
Table 2: Effect of different substituents at the stereogenic center of a second generation 5-5 membered rings 
molecular motor on the speed of the thermal rearrangement. 
 
 
Also significantly different experimental observations have been reported for alkene 
2.5, where the methyl groups of motor 2.2 have been changed for the more bulky tert-butyl 
substituents. This difference determinates a more twisted central double bond, causing a 
completely different photo and thermal  cis-trans isomerization behavior.
10 
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hν 
unstable cis 2.5  stable cis 2.5 
Δ or hν 
Δ  hν 
  stable trans 2.5 
 
Scheme 1: Photochemical and thermal behavior of the t-butyl substituted alkene 2.5. 
 
 
Future applications of molecular motors will rely on more complex systems, where the 
motor will have additional groups attached to it, and/or experience a reduced space in 
which to move, or when the motor operates when assembled on a surface. 
Therefore, it is of fundamental importance to study the behavior of modified versions of 
molecular motors, in order to examine particular features, for instance the effect on the 
rotary motion of attached groups. Especially the introduction of long alkyl chains, that can 
be used to tether larger objects or polymers to be moved through a solution or along a 
surface, is an important goal. 
 
In the first part of this chapter, we report the synthesis and study of a first generation 
five-membered ring molecular motor 2.6 derivatized at the stereogenic center with a C16 
alkyl chains (Chart 2). The key point of this study is whether long chains attached to the 
motor affect or prevent its rotation. They could, for example, increase the friction with the 
solvent, or just make the motor “experience” entanglement or the weight of the 
substituents.
11 In fact, that the weight of a group attached to a molecular motor affects its 
rotation is well known.
12 
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  2.6 
 
Chart 2: The first generation five-membered ring molecular motor 2.6 derivatized at the stereogenic center 
with a C16 alkyl chains. 
 
 
 
2.1.2  Calculations on the thermal isomerizations of motor 2.2 
 
The thermal isomerization from unstable to stable trans in first generation molecular 
motors has been demonstrated to be a two step process in case of molecule 2.3c
8 (Scheme 
2) (see also ref. 13), where the (S,S)-(M,M) unstable trans isomer, with both the isopropyl 
groups in a higher energy pseudo-equatorial conformation, converts first into a (S,S)-(M,P) 
meso
14 trans isomer, where only one of the isopropyl groups is in the more favorable 
pseudo-axial conformation, and only in a second step this (S,S)-(M,P) meso trans converts 
into the (S,S)-(P,P) stable trans isomer, where both the isopropyl groups are in a pseudo-
axial conformation. This two-steps process could be observed due to the fact that the 
described thermal rearrangements occur only very slowly (starting from the unstable trans 
configuration, 4 d at 70ºC were needed to obtain a mixture containing 75% of the meso 
trans).  
 
 
 
   
heat  heat 
  (S,S)-(M,M) 
unstable trans 2.3c 
(S,S)-(P,P) 
stable trans 2.3c 
(S,S)-(M,P) 
meso trans 2.3c   
 
Scheme 2: Two step process for the thermal isomerization from unstable trans 2.3c to stable trans 2.3c. 
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Moreover, from this study it is also evident that the second thermal step (from the meso 
trans to the stable trans) occurs with an higher rate than the first one (from the unstable 
trans to the meso trans). 
The same behavior can be expected from motor 2.2. However, the half life of unstable 
trans 2.2, calculated to be as short as 18 s at room temperature
7, makes the experimental 
observation of the presumed meso trans 2.2 very hard. At this point, computer modeling 
comes in hand as a convenient tool to study theoretically what can not be easily treated 
experimentally. In this chapter, not only (R
*,R
*)-(M
*,P
*) meso trans 2.2 is presented as a 
stable isomer, but also the energy barriers for both the two thermal isomerization steps in 
the path from unstable to stable trans are calculated, adding support to the missed 
experimental observation of the meso trans conformer of motor 2.2. 
 
 
2.1.3  New measurements of motor 2.2 
 
With the growing experience in the molecular motors field in our group, better 
conditions for more advantageous conversions in the photochemical steps were found. In 
its first study, the photostationary states (PSS) of motor 2.2 were evaluated in n-hexane, 
and a >280 nm light was used for the cis/trans photoisomerizations. In this chapter, it is 
shown how the use of dichloromethane as solvent and 365 nm light lead to an  improved 
PSS in both the photochemical steps of the rotary cycle of motor 2.2. These new, more 
convenient conditions can be used for studies and applications of molecular motors whose 
structures are designed based on the model of motor 2.2 (for example, see the major part of 
this thesis!). 
 
 
 
2.2  A molecular motor derivatized with long alkyl chains 
 
 
It can be envisioned that future applications of molecular motors will rely on more 
complex systems, where the motor will have additional groups attached to it. Therefore, it 
is important to study the behavior of such molecular motors and evaluate, for instance, the 
effect on the rotary motion of attached long alkyl chains. Alkyl chains could be used to 
tether larger objects or polymers to be moved through a solution or along a surface. 
 
Herein, the synthesis and study of a first generation five-membered ring molecular 
motor, where two C16 alkyl chains have been connected to the stereogenic centers, is 
presented. The key point of this study is to verify the effect of the long chains on the rotary 
function. They could, for example, increase the friction with the solvent, or just make the 
motor “experience” entanglement or the weight of the substituents. 
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2.2.1  Retrosynthetic analysis 
 
The retrosynthesis of alkene 2.6 is shown in Scheme 3. Alkene 2.6 can be readily 
accessible through McMurry coupling of the corresponding ketone 2.7. This is indeed the 
key step in the synthesis of  the symmetrical motors we have reported so far,
5,7,8,10 as this 
method offers a strong driving force necessary to lead to the sterically overcrowded 
product. Ketone 2.7 can be obtained with a ring closing reaction by intramolecular Friedel-
Crafts acylation of the acid of ester 2.8. Ester 2.8 can be obtained via an α-alkylation of 
commercially available methyl stearate 2.9, using 2-(bromomethyl)naphthalene 2.10 as 
electrophile. 
 
 
 
 
C16H33
C16H33
O
C16H33
C16H33
O
O
C16H33 O
O Br +
 
2.8  2.7  2.6 
  2.9  2.10 
 
 
Scheme 3: Retrosynthesis of alkene 2.6. 
 
 
 
2.2.2  Synthesis 
 
The synthesis of the ketone 2.7 started with the α-alkylation of stearic acid methyl ester 
2.9 with 2-(bromomethyl)naphthalene 2.10 employing LDA in dry THF to provide ester 
2.8 in 72% yield (Scheme 4)
15. Hydrolysis of 2.8 with LiOH in a H2O/MeOH/THF 
solution provided acid 2.11 in 71% yield. After conversion into the corresponding acyl 
chloride (not isolated) with thionyl chloride, it readily reacted with aluminium chloride in a 
regioselective intramolecular Friedel-Crafts reaction leading to ketone 2.7. The yield for 
this last step was as high as 91%, and exclusively 2.7 from substitution at the α-position of 
the naphthalene moiety was obtained. The ketone 2.7 was then coupled in the presence of 
low valent titanium (McMurry coupling) in refluxing THF over a period of 3 d, leading to 
overcrowded alkene 2.6 in 76% yield, with a cis/trans ratio of about 2:3, as determined by 
1H-NMR. 
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In order to study the dynamic behavior of these molecules, separation of the cis and the 
trans isomer was required. Due to the high apolar nature of the compounds, the Rf values 
of the two isomers were founded to be very similar, so the separation was performed on 
silica loaded with silver nitrate according to a literature procedure.
16 Due to the 
coordination between the metal and the olefinic double bond, the separation of the isomers 
was indeed improved. 
 
The discrimination between trans 2.6 and cis 2.6 is easily accomplished based on 
1H-
NMR analysis. The proton resonances in the aromatic region of trans 2.6  are found at 
values between δ 7.4 and 8.3 ppm, while those of cis 2.6 are found between δ  6.3 and 7.7 
ppm, in agreement with the data previously reported for 2.2.
7 The reason that the 
1H-NMR 
resonances for the indicated protons are observed at  higher field in cis 2.6 is the aromatic 
ring current anisotropy due to the close proximity of the naphthalene moieties with each 
other. It should be emphasized that only the R,R and the S,S (and not R,S) diastereomers 
were observed as products from the McMurry coupling. This conclusion comes from the 
the fact that the 
1H-NMR spectrum of 2.6 showed resonance frequencies similar to those of 
2.2,  where COSY, NOESY and X-ray analysis were performed and the molecular 
geomety unequivocally proved.
7 
 
 
   
2.10 
2.9  2.8  2.11 
  trans 2.6  2.7  cis 2.6 
 
Scheme 4: Synthesis of alkene 2.6. 
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2.2.3  
1H-NMR measurements 
 
In order to demonstrate the unidirectionality of the rotary motion of 2.6, 
1H-NMR 
measurements were performed using pure trans 2.6 and cis 2.6. The 
1H-NMR spectrum of 
trans 2.6 in toluene-d8 is shown in Figure 1a, in the region of the three protons of the five-
membered rings (namely Ha, Hb and Hc).  
This sample was irradiated at 365 nm in an ethanol bath at -80ºC till the PSS 
(photostationary state), leading to the unstable cis. This is defined as the cis isomer where 
the first methylene of the alkyl chains at the stereogenic center are in a pseudo-equatorial 
position. The assignment of the cis geometry is based on the low field shift of all the three 
protons shown (Figure 1b). The conversion from stable trans to unstable cis at the PSS was 
quantitative. 
The sample was then allowed to warm to 50ºC until the thermal conversion to the stable 
cis isomer (the cis isomer where the first methylene of the alkyl chains at the stereogenic 
center are in a pseudo-axial orientation) was complete (Figure 1c). Here Ha shifts even 
further downfield, while Hb moves to slightly higher field, and Hc does not shift 
significantly. The thermal conversion of unstable cis to stable cis completes the first half of 
the rotary cycle.  
 
The same procedure was followed for pure cis 2.6: a sample was measured in toluene-
d8 (Figure 2a), and subsequently irradiated in an ethanol bath at -80ºC till the PSS was 
reached. This time, incomplete conversion was found: the unstable trans/stable cis ratio at 
the PSS was about  3:1, as calculated from the NMR integrations (Figure 2b). Again we 
observed a shift of all the three protons: Ha and Hc to higher field, while Hb shifted to lower 
field.  
Warming the sample, the unstable trans converted into the stable trans isomer, 
exhibiting a high field shift for all the three protons considered, while the spectrum of the 
stable cis did not undergo any modification (Figure 2c).  
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a) stable trans 
Hb 
Hc   Ha  
          
          
b) unstable cis 
 
Ha   Hc   Hb 
c) stable cis 
 
Hb 
Hc   Ha  
ppm 2.50 3.00 3.50  
 
Figure 1: 
1H-NMR spectrum in toluene-d8 in the range 2-4 ppm of: a) trans 2.6; b) PSS after irradiation at 
365 nm; c) after thermal step. All the spectra were acquired at -50ºC. 
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a) stable cis 
 
Hb 
Ha   Hc  
         
b) unstable trans 
 
         
Hc   Ha   Hb 
c) stable trans 
 
Hb 
Hc   Ha  
ppm 2.50 3.00 3.50  
 
Figure 2: 
1H-NMR spectrum in toluene-d8 in the range 2-4 ppm of: a) cis 2.6; b) PSS after irradiation at 365 
nm; c) after thermal step. All the spectra were acquired at -50ºC. 
 
 
A complete four-steps cycle involving two photochemical and two thermal steps has 
therefore been established (Scheme 5). 
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λ = 365 nm 
stable trans 2.6  unstable cis 2.6 
Δ  Δ 
λ = 365 nm 
unstable trans 2.6  stable cis 2.6 
 
 
Scheme 5: Rotary cycle of motor 2.6. 
 
 
 
2.2.4  UV/Vis measurements 
 
Solutions in n-hexane of the pure cis and the pure trans isomers of motor 2.6 were used 
for UV/Vis spectroscopy mesurements. In Figure 3a the spectral changes during the first 
half of the cycle are shown. A solution of trans 2.6 in hexane was irradiated at -15ºC with a 
mercury lamp equipped with a pyrex filter (λ > 280 nm) till the photostationary state (PSS) 
was reached, and the conversion was followed by UV/Vis spectroscopy. The presence of 
isosbestic points was verified, (Figure 4a) indicating that the photochemical process is a 
unimolecular conversion. The UV/Vis spectrum of the unstable cis shows a red shift, as is 
typical for the unstable forms of this class of molecules.
5,7  
The sample was then allowed to warm to room temperature, and in this thermal process 
isosbestic points were again found (Figure 4b). Going from the unstable cis to the stable 
cis, a blue-shift was observed in the UV/Vis spectrum. 
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The same route (irradiation till PSS and subsequent warming to room temperature) was 
followed for the second half of the cycle, starting from the hexane solution of the cis 
isomer. The spectral changes are shown in Figure 3b. The only difference with the first part 
is that the irradiation was performed at -50ºC, as the thermal isomerization of unstable 
trans 2.6 is predicted to be much faster than the thermal conversion of the unstable cis 
2.6.
7,17 After irradiation, a red shift was observed, as typical for the unstable forms of this 
class of molecules. Also in this case, isosbestic points were observed, indicating that also 
the second photochemical process is a unimolecular conversion (Figure 4c).  
The sample was then allowed to warm to room temperature, and in this thermal process 
isosbestic points were again found (Figure 4d). Going from the unstable trans to the stable 
trans, a blue-shift was observed in the UV/Vis spectrum. 
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Figure 3: UV/Vis study of molecule 2.6 (n-hexane). a) first half of the cycle: stable trans (thick line), PSS 
after irradiation (main product: unstable cis, thin line), after thermal inversion (main product: stable cis, 
dotted line); b) second half of the cycle: stable cis (thick line), PSS after irradiation (main product: unstable 
trans, thin line), after thermal inversion (main product: stable trans, dotted line). 
 
 
 
  65Chapter 2 
 
0
10
20
30
40
300 350 400 450 500
nm
0
10
20
30
40
300 350 400 450 500
nm  
a)  b) 
ε
·
1
0
-
3
·
M
-
1
·
c
m
-
1
 
ε
·
1
0
-
3
·
M
-
1
·
c
m
-
1
 
0
10
20
30
40
300 350 400 450 500
nm
0
10
20
30
40
300 350 400 450 500
nm
 
c)  d) 
ε
·
1
0
-
3
·
M
-
1
·
c
m
-
1
 
ε
·
1
0
-
3
·
M
-
1
·
c
m
-
1
 
 
 
Figure 4: UV/Vis spectroscopy of molecular motor 2.6: trans in n-hexane irradiated at -15ºC at 365 nm (a) 
and heated to 35ºC (b); cis irradiated at -50ºC at 365 nm (c) and heated to 25ºC (d). 
 
 
By HPLC analysis (OD column, solvent: heptane 100%), the PSS’s were determined to 
be 16:84 for the stable trans 2.6/unstable cis 2.6, and 12:88 for the stable cis 2.6/unstable 
trans  2.6  mixtures. Therefore it was possible to calculate the UV/Vis spectra of the 
unstable forms (Figure 5) (for similar calculations, see refs. 18 and 19). 
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Figure 5: UV/Vis spectra of unstable forms of motor 2.6 in n-hexane. Thick line: unstable cis 2.6 at -15ºC; 
thin line: unstable trans 2.6 at -50ºC. 
 
 
 
2.2.5  CD measurements 
 
In order to verify the inversion in helicity in each isomerization step and to study the 
kinetics of the two thermal helix inversion steps, CD measurements were performed. Pure 
enantiomers were readily obtained by resolution using preparative HPLC applying a 
Chiracel-OD column and heptane as eluent. 
The CD spectrum of the first eluted enantiomer of trans 2.6 in hexane at -50ºC is 
shown in Figure 6a. According to the absolute configuration determination of 2.2 reported 
by Harada et al.
20 on related molecules, this enantiomer was assigned the (2R,2’R)-(P,P) 
configuration.  Upon irradiation with a mercury lamp equipped with a pyrex filter (λ>280 
nm) till the PSS was reached, the CD spectrum changed significantly because of the 
presence of a major quantity of (2R,2’R)-(M,M) unstable cis 2.6 of opposite helicity then 
the stable trans 2.6. The CD spectrum of (2R,2’R)-(M,M) unstable cis 2.6 is not a mirror 
image of that of (2R,2’R)-(P,P) stable trans 2.6, because although the helicity is inverted, 
the chirality at the two stereogenic centers is unchanged. Subsequently, the sample was 
allowed to warm in order to complete the thermal inversion leading to the (2R,2’R)-(P,P) 
stable  cis  2.6. In doing so, the helicity changes once more and again P helicity was 
observed, as in the case of pure stable trans 2.6. We observed, indeed, that the Cotton 
effect for (2R,2’R)-(P,P) stable cis 2.6 is similar to the Cotton effect for the pure (2R,2’R)-
(P,P) stable trans 2.6. 
Next, enantiopure cis 2.6 was studied. The CD spectrum of the solution in hexane at -
50ºC of the first enantiomer eluted (which in analogy with the results reported by Harada et 
al.
20 for 2.2 was assigned as the (2R,2’R)-(P,P) isomer) is shown in Figure 6b. The solution 
of (2R,2’R)-(P,P) stable cis 2.6 was irradiated with a mercury lamp equipped with a pyrex 
filter (λ>280 nm) till the PSS was reached. As in the former case, the CD spectrum now 
was significantly different because of the presence of a major quantity of (2R,2’R)-(M,M) Chapter 2 
 
unstable trans of opposite helicity than (2R,2’R)-(P,P) stable cis (ratio stable cis/unstable 
trans = 12:88 by HPLC, vide supra). Again we observed that the CD spectrum of this 
isomer is not a mirror image of the initial one, because although the helicity is inverted, the 
chirality at the two stereogenic centers is unchanged. Subsequently, the sample was 
allowed to warm till the thermal inversion was completed, leading to (2R,2’R)-(P,P) stable 
trans 2.6. The helicity changed once more, returning to a spectrum with a Cotton effect 
almost similar to that observed for the pure (2R,2’R)-(P,P) stable cis isomer. 
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Figure 6: CD spectra of molecular motor 2.6. a) thick line: (2R,2’R)-(P,P) stable trans  2.6; thin line: 
photostationary state after irradiation at λ > 280 nm (main product: (2R,2’R)-(M,M) unstable cis 2.6); dotted 
line: after warming (main product: (2R,2’R)-(P,P) stable cis 2.6). b) thick line: (2R,2’R)-(P,P) stable cis 2.6; 
thin line: photostationary state after irradiation at λ > 280 nm (main product: (2R,2’R)-(M,M) unstable trans 
2.6);  dotted line: after warming (main product: (2R,2’R)-(P,P) stable trans 2.6). 
 
 
Based on the CD spectra at the PSS’s and the results from HPLC analysis, it was 
possible to calculate the CD spectra of the unstable forms
18 (Figure 7). 
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Figure 7: Calculated CD spectra of the unstable isomers. Thick line: (2R,2’R)-(M,M) unstable cis 2.6; thin 
line: (2R,2’R)-(M,M) unstable trans 2.6. 
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2.2.6  Kinetic analysis 
 
The changes in CD absorption as a function of time due to the thermal inversion at a 
specific wavelength, were measured at different temperatures (25, 35, 45 and 55ºC for the 
thermal step from unstable cis 2.6 to stable cis 2.6 and -20, -10, 0 and 10ºC for the thermal 
step from unstable trans 2.6 to stable trans 2.6). From these data the rate constants (k) for 
the first-order thermal helix inversion processes at different temperatures were obtained. 
The enthalpy of activation (Δ
‡Hº) and entropy of activation (Δ
‡Sº) were determined from 
the rate constant by means of the Eyring plot, and from this, the Gibbs free energy of 
activation (Δ
‡G) and the half life (t1/2) at 20ºC were calculated. The Eyring plots of the first 
thermal step (unstable cis to stable cis) and of the second thermal step (unstable trans to 
stable trans) are shown in Figure 8a and Figure 8b, respectively. 
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Figure 8: Eyring plot of motor 2.6, relative to: a) the first thermal step (unstable to stable cis), and b) the 
second thermal step (unstable to stable trans). 
 
 
All the results are summarized in Table 3, including the PSS ratios determined above. 
The corresponding data determined for the methyl substituted molecular motor 2.2 
previously reported
7
 are included for comparison. It was observed that motor 2.6 provided 
better PSS’s in all the examined cases. The half lives at room temperature for the thermal 
helix inversion were of the same order of magnitude for 2.2 and 2.6  (Table 1). 
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Motor 2.2  2.6 
PSS stable trans/unstable cis (hexane,  λ > 280 nm)  21:79 16:84 
PSS stable cis/unstable trans (hexane,  λ > 280 nm)  22:78 12:88 
PSS stable trans/unstable cis (toluene,  λ = 365 nm)  10:90 >5:95 
k
20ºC (s
-1) 1.5·10
-4 3.1·10
-4 
t1/2
20ºC  78 min  37 min 
Δ
‡G20ºC (kJ·mol
-1)  93 91 
Δ
‡Hº  (kJ·mol
-1)  84 77 
thermal step 
unstable-stable cis 
Δ
‡Sº  (J·K
-1·mol
-1)  -31 -47 
k
20ºC (s
-1) 3.8·10
-2 4.4·10
-2 
t1/2
20ºC  18 s  16 s 
Δ
‡G20ºC (kJ·mol
-1)  80 79 
Δ
‡Hº  (kJ·mol
-1)  73 55 
thermal step  
unstable-stable trans 
Δ
‡Sº  (J·K
-1·mol
-1)  -24 -81 
 
Table 3: Photostationary state ratio’s and kinetic and thermodynamic parameters of thermal isomerization 
processes for molecular motors 2.2
7,21 and 2.6. 
 
 
 
2.2.7  Conclusions 
 
A derivatized molecular motor, 2.6, with long alkyl chains at the two stereogenic 
centers has been successfully synthesized and characterized. The experimental results show 
that this new molecule still works as a unidirectional light driven molecular motor (see 
Scheme 5). 
Even though it is tempting to say that motor 2.6 is slightly faster (see Table 3) than the 
methyl analogous 2.2 (probably this is due to an increased steric hindrance of the C16 alkyl 
groups in 2.6 at the stereogenic centers compared with the methyl groups in 2.2, slightly 
raising the ground states
  - for some examples of the effect of bulky groups at the 
stereogenic centres, see ref. 8 and 9, and Chapter 6), we believe that the most important 
outcome from the kinetic studies is that motors 2.6 and 2.2 have comparable speeds in both 
thermal steps. 
Finally, motor 2.6 exhibited more selective photostationary states compared to motor 
2.2, with respect to the unstable form in all the considered cases. These findings set the 
stage for tethering larger units to the motor molecule. 
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2.3  Five-five membered rings first generation molecular motor: 
a computational study 
 
 
2.3.1  Introduction 
 
Since the publication of the first molecular motor,
5 great effort has been made to 
modify the design of the molecule in order to improve the speed of rotation. It would be 
expected that diminishing the steric hindrance at the ‘fjord’ region would lead to a higher 
speed of the thermal inversion, as this modification is expected to decrease the energy of 
the transition state.
22 However, this idea has been proved to be not always correct.
23 
Indeed, changing the design of the molecular motor does lead to a different energy of the 
transition state, but not only: it will unavoidably affect the ground state as well. Actually, 
the important parameter to understand the speed of the thermal inversion in the rotary cycle 
is not simply the energy of the transition state, but the energy difference between the 
transition state and the ground state conformations. Such a difference is not easy to predict 
“by heart”. Therefore, changes in the molecular design have brought often unexpected 
results.
23 
 
Energy calculations with computer modeling of ground and transition states of 
molecular motors have been demonstrated to be a successful tool for predicting the 
activation barrier of the thermal isomerization. Several examples are available in literature 
on second generation molecular motors,
9,24 but less work has been done on first generation 
ones.  
The mechanism of thermal inversion from the unstable to stable trans isomer in first 
generation molecular motors seems to be somewhat more complex, as it appears to consist 
of two steps rather then one. In the unstable trans, the two methyl substituents are in the 
energetically less favoured (pseudo)-equatorial conformation. Providing thermal energy, 
the molecule can undergo a helix inversion so that the methyl substituents can go in the 
more energetically favoured (pseudo)-axial conformation, releasing part of the steric 
hindrance. On the basis of an extensive theoretical study on an analogous hindered 
alkene,
13 it was already predicted in 1999 that this process could occur stepwise, with the 
two symmetric halves of the molecule inverting their helicity one at a time. If this is the 
case, during the thermal isomerization process, the molecule should go through a meso 
trans conformation, where one methyl is in (pseudo)-equatorial and the other in (pseudo)-
axial conformation, with the two halves adopting different helicities. The fact that the meso 
trans has usually remained undetected, suggests that the second helix inversion be 
significantly faster than the first.  
 
It was only in 2005 that the (S,S)-(M,P) meso trans isomer of molecule 2.3c could be 
observed by 
1H-NMR spectroscopy (see Scheme 2). In this case, the two-steps process 
could be followed due to the fact that the thermal rearrangements occur slowly enough to 
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allow it (starting from the unstable trans conformation, after the long time of 4 d at 70ºC a 
mixture containing 75% of the meso trans isomer was obtained).  
The same behavior can be expected from motor 2.2 (Scheme 6). However, no observation 
of the meso trans 2.2 has been reported so far.  
 
 
 
 
heat  heat 
  (R,R)-(M,P) 
meso trans 2.2 
(R,R)-(P,P) 
stable trans 2.2 
(R,R)-(M,M) 
unstable trans 2.2   
 
Scheme 6: Expected two-steps process for the thermal isomerization of unstable trans 2.2 to stable trans 2.2.  
 
 
Due to its convenient isomerization rate, the design of motor 2.2 has been the most 
frequently employed for the first generation molecular motors made ever since. For this 
reason, it is of our interest to extend our studies on the behavior of this important molecular 
motor.  
 
 
 
2.3.2  Results 
 
Computer modeling has been employed in order to gain a better insight on the 
mechanism of thermal inversion of motor 2.2 and into the relation between all the involved 
isomers. In particular, meso trans  2.2 was found as an energy minimum structure, in 
agreement with the envisioned two-steps process for the isomerization from the unstable to 
the stable trans isomer (Scheme 6). 
All the structures were optimized by DFT at the B3-LYP/6-31G(d,p) level of theory; 
the Gaussian 03W Revision B.03
25 was used. As expected, all the structures were found to 
be C2 symmetric, except the meso trans which was found to be C1. The optimized 
structures of (R,R)-(M,M) unstable trans, (R,R)-(M,P) meso trans and (R,R)-(P,P) stable 
trans 2.2 are shown in Figure 9, together with their Newman projections.  
 
 
  72First generation 5-5 membered ring molecular motors: further studies and derivatization with long alkyl 
chains 
 
 
 
a) 
162.5º 
27.7º  27.7º 
142.2º 
(R,R)-(M,M) unstable trans 2.2
 
 
b) 
166.9º 
22.4º  2.8º 
167.8º 
(R,R)-(M,P) meso trans 2.2 
 
 
c) 
200.1º 
3.5º  3.5º 
152.8º 
(R,R)-(P,P) stable trans 2.2 
 
Figure 9: Structures and Newman projections of (R,R)-(M,M) unstable trans (a), (R,R)-(P,M) meso trans (b) 
and (R,R)-(P,P) stable trans (c) isomers of motor 2.2 calculated at the DFT B3LYP 6-31G(d,p) level of 
theory. 
 
 
The geometries of the stable and unstable isomers are in agreement with analogous 
calculations previously performed at a lower level of theory (the 3-21G basis set was 
used).
19 The Newman projections reveal the symmetric nature of the structures: C2 for the 
stable and unstable, and C1 for the meso, as said above. 
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In the unstable trans (Figure 9a), the orientation of the two methyls is pseudo equatorial 
and the two naphthalene moieties are on opposite sides with respect to the methyl groups. 
Given the R configuration at the stereogenic centers, the two halves of the molecule will 
both assume M helicity. In the stable trans (Figure 9c), instead, the two methyl substituents 
have a pseudo axial orientation, the naphthalene moieties are on the same side with respect 
to the methyl groups, and the helicity of the two halves is P. 
The meso trans appears to be somewhat of a combination of the two (Figure 9b). 
Respect to the unstable isomer, the naphthyl group of the bottom half has slipped past the 
methyl of the upper half, while the other is still in the original position. Therefore, the 
lower naphthyl moiety is “in front” of the upper methyl, while the upper naphthyl appears 
to be “at the back” of the lower methyl. This determines that the lower naphthalene moiety 
has P helicity, while the upper one has M helicity. The energy of this meso isomer was 
calculated to be the highest of the three isomers (see Table 4). 
 
The two transition states associated with the processes from unstable trans to meso 
trans (TS1) and from meso trans to stable trans (TS2) were also calculated and are shown 
in Figure 10. 
 
 
 
   
a) 
143.8º 
45.4º 26.0º
144.7º 
(R,R)-(TS1) trans 2.2   
   
b) 
157.32º 
28.6º
38.0º
136.09º 
(R,R)-(TS2) trans 2.2 
 
Figure 10: Structures and Newman projections of the first (TS1) and the second (TS2) transition states of the 
thermal isomerization process of trans 2.2 calculated at the DFT B3LYP 6-31G(d,p) level of theory. 
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It can be noticed that both the transition state geometries have a twisted conformation, 
but with opposite direction with respect of each other. The energy of the TS1 was found to 
be higher than the energy of the TS2 (see Table 4). 
Their displacement vectors are shown in Figure 11. For TS1, the naphthyl and the methyl 
units interested in the rearrangement (right side of the molecule, Figure 11a) appear to be 
moving in opposite directions. Moreover, the displacement vectors of the three hydrogens 
of the methyl group indicate that, while the naphthalene moiety is slipping it past, the 
methyl is rotating counterclockwise, presumably to keep the steric hindrance at the 
minimum, which would suggest that the rotation of the methyl group is not free in the 
transition state. The rest of the molecule (left part, Figure 11a) undergoes a much less 
significative displacement. 
In case of TS2, the situation is different. The displacement vectors indicate that in the 
normal mode relative to this transition state, the upper and lower half of the molecule are 
rotating with respect to the longitudinal axis of the respective naphthalenes (which is, 
perhaps, reminiscent of a scissoring vibrational mode). Therefore, for the second thermal 
rearrangement to occur, all the atoms of the molecule have to move, and not only those on 
the side of the molecule involved in the inversion of the naphthalene, like in the previous 
case. This is probably due to the fact that at this transition state the molecule is in a very 
rigid conformation, and in order to fall from one or the other side of the saddle point of the 
potential energy surface and minimize the energy, the angle between the two halves has to 
change with this movement. 
 
 
 
 
a)  b) 
Figure 11: Displacement vectors for the trans TS1 (a) and TS2 (b) structures of motor 2.2. 
 
 
Similar calculations were performed for the cis isomers of the motor. The optimized 
structures of (R,R)-(M,M) unstable cis and (R,R)-(P,P) stable cis 2.2 are shown in Figure 
12, together with their Newman projections.  
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a) 
151.7º 
31.4º 25.3º
151.7º 
(R,R)-(M,M) unstable cis 2.2 
    
b) 
169.3º 
4.2º 17.2º
169.3º 
(R,R)-(P,P) stable cis 2.2 
Figure 12: Structures and Newman projections of (R,R)-(M,M) unstable cis (a) and (R,R)-(P,P) stable cis (b) 
isomers of motor 2.2 calculated at the DFT B3LYP 6-31G(d,p) level of theory. 
 
 
The calculated geometries of the stable and unstable isomers are found to be similar to 
those based on analogous calculations on the same molecule previously performed at a 
lower level of theory (the 3-21G basis set was used).
19 The Newman projections clearly 
show the C2 symmetric nature of the two structures. 
Like in the unstable trans, in the unstable cis (Figure 12a) the orientation of the two 
methyl groups is pseudo equatorial, the two naphthalene moieties are on opposite sides 
with respect to the methyl groups, while both the halves of the molecule assume M helicity 
(with the given R configuration at the stereogenic centers). In the stable cis isomer (Figure 
12b), instead, the two methyl substituents have a pseudo axial orientation, the naphthalene 
moieties are on the same side with respect to the methyl groups, and the helicity of the two 
halves is P. 
 
The transition state of the process from unstable cis to stable cis (TS) was also 
calculated, and is shown in Figure 13.  
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137.5º 
14.8º
26.0º
181.8º 
(R,R)-(TS) cis 2.2
Figure 13: Structure and Newman projection of the transition state (TS) of the thermal isomerization process 
of cis 2.2 calculated at the DFT B3LYP 6-31G(d,p) level of theory. 
 
 
The displacement vectors are shown in Figure 14. They clearly illustrate how in this 
normal mode the two naphthalenes tend to move in opposite directions, which will lead to 
the stable or to the unstable cis isomer, respectively. 
 
 
 
 
Figure 14: Displacement vectors for the cis TS structures of motor 2.2. 
 
 
Finally, a thermochemical analysis was performed on all the five conformations of 
trans 2.2 (stable, unstable, meso and the two transition states) and the three of cis 2.2 
(stable, unstable and transition state) previously mentioned, as calculated with both the 3-
21G and the 6-31G(d,p) basis sets. Subsequently, their Gibbs free energies at 20ºC were 
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used to calculate the thermal activation barriers. These quantum mechanically calculated 
values are compared with those reported experimentally
7 in Table 4. 
 
 
 
Calculated  Activation energy 
3-21G 6-31G(d,p) 
Experimental
7 
Δ
‡G
20ºC
trans(TS1-MM)  (kJ/mol)  90  92  80 
Δ
‡G
20ºC
trans(TS2-PM) (kJ/mol)  20  17  not determined 
Δ
‡G
20ºC
cis(TS-MM)  (kJ/mol)  124  127  93 
 
Table 4: Activation energies for the three thermal isomerizations in the cycle of motor 2.2. Comparison 
between the quantum mechanically calculated and the experimental values. 
 
 
 
It can be seen that, although not accurate, the results are qualitatively satisfactory. 
Indeed, the second energy barrier for the thermal rearrangement of the trans isomer is 
much smaller then the first one, in agreement with the the fact that the meso trans has 
escaped the experimental observation. Moreover, the energy barrier for the thermal 
rearrangement of the cis isomer resulted to be the highest. 
Moreover, it can be noted that, in contrast with the expectations, the results obtained 
with the smaller basis set 3-21G are slightly better then those obtained with the larger basis 
6-31G(d,p). Consistently, a similar difference was observed for a second generation 
molecular motor.
26 
A graph with all the relative energies based on the 3-21G calculations is shown in 
Figure 15. From these data it is evident that the activation barrier for the step from unstable 
to meso trans is significantly higher than the one for the step from meso to stable trans 
(Figure 15a): they could be calculated to be 90 and 20 kJ/mol, respectively (Table 4). 
Moreover, the first transition state has a higher energy then the second one. It is also 
evident that the meso trans isomer is found at a much higher energy than the stable and the 
unstable isomers. The activation barrier for the thermal isomerization of cis 2.2 (Figure 
15b), was calculated to be 124 kJ/mol (Table 4). 
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Figure 15: Calculated DFT 3-21G energy profile of the thermal isomerization process of trans 2.2 (a) (see 
also Scheme 6) and cis 2.2 (b). The corresponding relative energies, obtained by thermochemical analysis at 
20ºC, are indicated. 
 
As consequence of these results, the rotation of molecular motor 2.2 should be 
described as a five steps process, as shown in Figure 16. 
 
 
 
hν 
(P,P)-(R,R) stable trans 2.2  (M,M)-(R,R) unstable cis 2.2 
Δ  Δ 
(M,P)-(R,R) meso trans 2.2 
(P,P)-(R,R) stable cis 2.2 
Δ 
hν 
  (M,M)-(R,R) unstable trans 2.2 
 
Figure 16: Rotation of molecular motor 2.2 in the proposed five steps cycle. 
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2.4  New 
1H-NMR study on the 5-5 membered ring motor 2.2 
 
 
In its first study,
7 the photostationary states (PSS) of motor 2.2 were evaluated in n-
hexane, and a >280 nm light was used for the cis/trans photoisomerizations. For the 
1H-
NMR study, toluene-d8 was used. When dichloromethane was employed instead, together 
with 365 nm light, the photoconversions from the stable isomers to the unstable isomers 
improved. Moreover, with toluene-d8 the large overlap of the solvent peaks with the 
molecular absorptions limits the spectroscopic analysis and makes it more difficult. The 
single, slim solvent peak of dichloromethane, instead, falls in a region free from other 
molecular signals, which allows for a significantly clearer spectroscopic interpretation. 
Herein, an alternative 
1H-NMR study of motor 2.2 is presented employing these new 
conditions, which represent a better choice for the future study of molecular motors based 
on the same structure. 
Moreover, quantum mechanical 
1H-NMR calculations are proposed as a useful tool to 
support, predict or help the assignments of the experimental spectra. 
 
 
2.4.1  
1H-NMR: measurements 
 
In Figure 17a the region between 8.5 and 0.5 ppm of the 
1H-NMR spectrum of a sample 
of stable trans 2.2 in DCM-d2 at -50ºC is shown.  
While kept at -75ºC in an ethanol bath, the sample was irradiated with a 365 nm light 
till the photostationary state (PSS) was reached. Its 
1H-NMR spectrum was then acquired 
at -50ºC (Figure 17b), and showed an 88% conversion to the unstable cis isomer (based on 
the peak integrals). When hexane and >260 nm light were used instead, the conversion was 
reported to be only 79%. 
The sample was then warmed to room temperature untill the thermal inversion occurred 
completely, and an 
1H-NMR of the obtained stable cis isomer was acquired at -50ºC 
(Figure 17c). This completes the first half of the rotary cycle. 
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a) stable trans 
HMe 
Ha Hd  He  Hb Hc    Hf  Hp    Hq            Hr      
*  ** 
* 
 
b) unstable cis 
HMe 
ppm 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0  
He    Hd   Hf  Ha+Hc    Hb  Hp       Hq                Hr   
*  *  ** 
c) stable cis 
HMe 
He  Hd     Hf      Hc    Ha   Hb  Hp+Hq                        Hr  
* 
*  ** 
 
Figure 17: 
1H-NMR measurements of the first half of the cycle of motor 2.2 in DCM-d2. a) stable trans; b) 
irradiation (λ = 365 nm): unstable cis; c) thermal step: stable cis (all the spectra were acquired at -50ºC) [*: 
ethanol; **: water]. 
 
 
The second half of the rotary cycle was studied starting from a sample of stable cis 2.2 
in DCM-d2. Its 
1H-NMR spectrum at -50ºC in the region from 8.5 to 0.5 ppm is shown in 
Figure 18a. 
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The sample was irradiated with 365 nm light while kept at -75ºC in an ethanol bath till 
the PSS, and another 
1H-NMR was acquired at -50ºC (Figure 18b). The conversion to the 
unstable trans was found to be 91% (based on the absorption integrals), which is higher 
with respect to the 78% reported when hexane and >280 nm light were employed. 
An increase of temperature allowed the unstable trans isomer to convert quantitatively 
into the stable trans isomer. Its 
1H-NMR spectrum at -50ºC is shown in Figure 18c. 
 
 
 
*  *  a) stable cis 
 
HMe 
He  Hd     Hf      Hc    Ha   Hb  Hp+Hq                        Hr  
** 
b) unstable trans  *  * 
HMe 
ppm 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0  
Ha+Hd        He     Hb+Hc+Hf  Hp             Hq       Hr  
** 
c) stable trans  HMe  * 
* 
Ha Hd He Hb Hc    Hf H p    Hq                Hr  
** 
 
Figure 18: 
1H-NMR measurements of the second half of the cycle of motor 2.2 in DCM-d2. a) stable cis; b) 
irradiation (λ = 365 nm): unstable trans; c) thermal step: stable trans (all the spectra were acquired at -50ºC) 
[*: ethanol; **: water]. 
 
 
The assignments reported in Figure 17 and Figure 18 for stable trans and stable cis 2.2 
are consistent with those previously reported for this motor.
7 However, the complete 
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assignments for the unstable isomers are new. They are based on comparison with the 
respective stable isomers, and were confirmed by 
1H-NMR calculations (vide infra). 
 
 
 
2.4.2  
1H-NMR: calculations 
 
Quantum mechanical 
1H-NMR calculations were performed for all the four isomers of 
molecular motor 2.2 observed experimentally, at the density functional (DFT) level, using 
the gauge-including-atomic-orbital (GIAO) method.
27  
The structures were first optimized at the DFT B3-LYP/6-31G(d,p) level. Better results 
were found when the solvent effects were included in both the structure and NMR 
calculation. For this purpose, the integral equation formalism of the polarizable continuum 
model (IEFPCM)
28 was used.  
 
Forsyth and Sebag noticed that there is a systematic error in the calculation of shielding 
constants.
29 Therefore, they proposed a procedure according to which the computed 
chemical shifts can be empirically scaled and their accuracy increased. Following their 
model, we used linear regression as in equation 1: 
 
 
δcalc = m · δexp + q           (eq. 1) 
 
 
where δcalc and δexp are the calculated and experimental chemical shift, respectively.
30 The 
values of m and q were empirically determinated for every spectrum, and the scaled values 
of the calculated chemical shifts (δ
'
calc) can be subsequently obtained according to equation 
2: 
 
 
δ
'
calc = m · δcalc + q           (eq. 2) 
 
 
resulting indeed in a significantly increased accuracy.  
A statistical analysis of the results obtained with the B3-LYP
31 and B3-PW91
31b,32 hybrid 
functionals used with the 6-31G(2d,p) and the 6-311G(2d,p) basis set was carried out. The 
average errors (|Δδ|av) and the root mean square errors are shown in Table 5. It can be 
noted that with the larger 6-311G(2d,p) basis there is a visible improvement in accuracy, 
with it being slightly better with B3-LYP. The two hybrid functionals did not perform 
significantly different with the smaller basis 6-31G(2d,p). Therefore, the best results were 
achieved with the B3-LYP 6-311(2d,p) level. 
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  B3-LYP 
6-31G(2d,p) 
B3-PW91 
6-31G(2d,p) 
B3-PW91 
6-311G(2d,p) 
B3-LYP 
6-311G(2d,p) 
  |Δδ|av rmse |Δδ|av rmse |Δδ|av rmse |Δδ|av rmse 
stable trans  0.036 0.039 0.036 0.041 0.023 0.034 0.025 0.035 
stable cis  0.061 0.079 0.062 0.079 0.038 0.053 0.035 0.051 
unstable trans  0.054 0.071 0.055 0.071 0.047 0.060 0.045 0.056 
unstable cis  0.101 0.117 0.100 0.114 0.060 0.076 0.057 0.075 
 
Table 5: Average errors (|Δδ|av) and root mean square errors (rmse) of the empirically scaled 
1H-NMR 
chemical shifts of 2.2 calculated with different hybrid functonals and basis sets. 
 
 
A comparison of the empirically scaled GIAO B3-LYP 6-311(2d,p) 
1H-NMR spectra
33 
of the four considered isomers of molecular motor 2.2 with the available experimental ones 
(see measurements described above) is shown in Figure 19-Figure 22. 
 
 
 
 
stable trans 2.2 
HMe 
Ha Hd  He  Hb Hc    Hf  Hp    Hq            Hr     
*  ** 
* 
 
1 2 3 4 5 6 7 8
 
ppm 
Figure 19: Experimental (DCM-d2, -50ºC, upper) and calculated (GIAO B3-LYP 6-311(2d,p), lower) 
1H-
NMR spectra of stable trans 2.2 [*: ethanol; **: water]. 
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*  *  stable cis 2.2 
HMe 
He  Hd     Hf      Hc    Ha   Hb  Hp+Hq                        Hr  
** 
 
1 2 3 4 5 6 7 8
 
Figure 20: Experimental (DCM-d2, -50ºC, upper) and calculated (GIAO B3-LYP 6-311(2d,p), lower) 
1H-
NMR spectra of stable cis 2.2 [*: ethanol; **: water]. 
 
 
 
 
ppm 
unstable trans 2.2  *  * 
HMe 
Ha+Hd        He     Hb+Hc+Hf  Hp             Hq       Hr  
** 
 
1 2 3 4 5 6 7 8
 
ppm 
Figure 21: Experimental (DCM-d2, -50ºC, upper) and calculated (GIAO B3-LYP 6-311(2d,p), lower) 
1H-
NMR spectra of unstable trans 2.2 [*: ethanol; **: water]. 
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unstable cis 2.2 
HMe 
He    Hd   Hf  Ha+Hc    Hb  Hp       Hq                Hr   
*  *  ** 
 
 
1 2 3 4 5 6 7 8
 
ppm 
Figure 22: Experimental (DCM-d2, -50ºC, upper) and calculated (GIAO B3-LYP 6-311(2d,p), lower) 
1H-
NMR spectra of unstable cis 2.2 [*: ethanol; **: water]. 
 
 
These results can be considered overall satisfactory, in that they not only confirm that 
the assignment of the peaks is correct, but also show that 
1H-NMR calculations can be used 
as a useful tool in order to support and help the interpretation of experimental NMR data of 
molecular motors. 
 
A 
1H-NMR calculation was performed also for the meso trans  2.2. A scaling was 
performed using values of m and q averaged from the previous four cases. The simulated 
spectrum is shown in Figure 23. It can be noted that, being the C2 symmetry broken, the 
number of the peaks has now doubled. The protons of the two methyl groups HMe and H’Me 
appear to absorb at approximately the same chemical shifts than the correspondent protons 
of the stable and unstable trans isomer, respectively.  
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Me'
H'p
H'q
H'r
H'a
H'b
H'c
H'd
H'e H'f
Me
Hp
Hq
Hr
Ha Hb
Hc
Hd
He
Hf
 
 
 
H'p        H'q       Hp  Hr      Hq     H'r                HMe       H'Me 
1 2 3 4 5 6 7 8 ppm 
 
Figure 23: Calculated GIAO B3-LYP 6-311(2d,p) 
1H-NMR spectrum of meso trans 2.2. 
 
 
 
2.4.3  CD calculations 
 
In our first study on motor 2.2,
7 only a racemic synthesis was accomplished, and 
preparative HPLC was used to achieve enantioresolution for the CD spectroscopic 
measurements. The absolute configuration was assigned by comparison with previously 
reported CD spectra of a similar molecule
5 and, additionally, this assignment was 
confirmed by quantum mechanical calculations.
19 But in 2005, the enantiopure synthesis of 
the same motor was reported by the group of Harada
20 and surprisingly, our configuration 
assignment was found to be wrong. 
With the intent of clarification, CD calculations were repeated and compared with the 
previously reported.
19 In Figure 24, the experimental and calculated CD spectra of the 
stable, and in Figure 25 of the unstable  isomers of motor 2.2 are shown, respectively. The 
calculations were performed at the TD-DFT B3-LYP/6-31++G(d,p) level of theory.
34 
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Figure 24: CD spectra of the (R,R)
35 enantiomer of 2.2: stable trans (a: experimental; c: calculated) and 
stable  cis (b: experimental; d: calculated). The units in the vertical scale of the calculated spectra are 
arbitrarly chosen to compare with the experimental ones. 
 
 
Similarly to the the 
1H-NMR calculations (vide supra), an empirical scaling can be 
expected to improve the accuracy of the maxima (note the different scale in the abscissa of 
the calculated CD spectra compared with the experimental correspondents).  
However, notwithstanding this scaling issue, the shapes of the spectra can be recognized to 
be similar for the calculated and the measured ones in all cases, showing that this method 
can give a reasonable consistency with the experimental data. 
For the calculations, the (R,R) configuration of the molecule was used. Considering the 
sign of the resulted calculated CD spectra, these findings are in agreement with the data 
reported by Harada et al.
20 on the basis of their enantiopure synthesis, and are in contrast 
with both experimental
7 and calculated
19 data previously reported in our own group with 
respect to this compound 2.2. Therefore, we conclude that the original configuration 
assignment was incorrect. 
The CD spectrum for the (R,R) meso trans 2.2 was also calculated, and is reported in 
Figure 26. 
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Figure 25: CD spectra of the (R,R)
35 enantiomer of 2.2: unstable trans (a: experimental; c: calculated) and 
unstable cis (b: experimental; d: calculated). The units in the vertical scale of the calculated spectra are 
arbitrarly chosen to compare with the experimental ones. 
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Figure 26: Caculated CD spectrum of the (R,R)
 meso trans 2.2. 
 
 
The red shift of the unstable isomers with respect to the stable ones has been correctly 
simulated (Figure 24 and Figure 25). However, the calculated CD of the meso trans shows 
a blue shift compared to the experimental one. This indicates, perhaps surprisingly, that the 
excitation energy in the meso trans is higher than in the stable and unstable trans isomers. 
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In conclusion, theoretical calculation of CD spectra still remains to be considered a 
promising cheap and easy tool to propose a configuration assignment in the field of 
molecular motors, as well as other sterically hindered molecules.
34 
 
 
 
2.5  Conclusions 
 
 
A derivatized molecular motor with long alkyl chains at the two stereogenic centers has 
been synthesized and characterized. The experimental results show that this new molecule 
still works as a unidirectional light driven molecular motor. 
Even though it is tempting to say that it is slightly faster (see Table 3) than the methyl 
analogous (probably this is due to an increased steric hindrance of the C16 alkyl groups in 
2.6 at the stereogenic centers compared with the methyl groups in 2.2, slightly raising the 
ground states) we believe that the most important outcome from the kinetic studies is that 
motors  2.6 and 2.2 have comparable speeds in both thermal steps. Finally, motor 2.6 
exhibited more selective photostationary states compared to motor 2.2, with respect to the 
unstable form in all the considered cases. These findings set the stage for tethering larger 
units to the motor molecule. 
 
A new set of 
1H-NMR spectroscopic experiments employing a different solvent and a 
different light source compared with an older study
7 have been carried out on motor 2.2. 
The advantages seen are better PSS in both photochemical steps and no overlap between 
the 
1H-NMR absorptions of the molecule and of the solvent, which made the interpretation 
of the data much more feasible. 
Moreover, a computational study of motor 2.2 has shown that the thermal isomerization 
from the unstable trans to the stable trans isomers is a two step process, with the second 
step being much faster then the first. 
Finally, it has been shown that 
1H-NMR simulation can be used as a tool to support and 
help the experimental data interpretation, and that CD calculation is effective in determine 
the absolute configuration of this molecule. 
 
 
 
2.6  Experimental Section 
 
 
2.6.1  General remarks 
 
Chemicals were used as received from Acros, Aldrich, Fluka, or Merck. Solvents were 
distilled and dried before use by standard methodology. NMR spectra were obtained using 
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a Varian Mercury Plus and a Varian Unity Plus Varian-500, operating at 399.93 and 
499.86 MHz, respectively. Chemical shifts are reported in δ units (ppm) relative to the 
residual deuterated solvent signals of CDCl3 (
1H NMR, δ 7.26 ppm; 
13C NMR, δ 77.0 
ppm), toluene-d8 (
1H NMR, δ 2.09 ppm) or CD2Cl2 (
1H NMR, δ 5.32 ppm). The splitting 
patterns are designated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m 
(multiplet) and br (broad). Melting points were taken on a Mettler FP-2 melting point 
apparatus, equipped with a Mettler FP-21 microscope and are uncorrected. MS and HRMS 
spectra were obtained with a JEOL JMS-600 spectrometer, or with a Thermoscientific 
LTQ Orbitrap XL. Elemental analyses were performed with a Foss-Heraeus CHN-O-Rapid 
or a EuroVector Euro EA Elemental Analyzer; the average value of duplo measurements 
are reported. The IR spectroscopy measurements were performed on a Nicolet Nexus FT-
IR apparatus. Optical rotations were measured with a Perkin Elmer 241 polarimeter. 
Analytical TLC was performed with Merck silica gel 60 F254 plates and visualization was 
accomplished by UV light. Column chromatography was performed on silica gel (Aldrich 
60, 230-400 mesh). Preparative HPLC was performed on a Gilson HPLC system consisting 
of a 231XL sampling injector, a 306 (10SC) pump, an 811C dynamic mixer, a 805 
manometric module, with a 119 UV/Vis detector and a 202 fraction collector, using the 
Chiralcel OD (Daicel) column at room temperature. Elution speed was 1 ml/min. 
Irradiation experiments were performed with a 180 W Oriel Hg lamp using a pyrex filter or 
filters of the appropriate wavelengths, or with a Spectroline ENB-280C/FE UV lamp at 
365 nm. The photostationary states were determined by monitoring composition changes in 
time by taking UV/Vis or 
1H NMR spectra at distinct intervals until no changes were 
observed. UV/Vis spectra were recorded on a Hewlet-Packard HP 8543 FT 
spectrophotometer. CD spectra were recorded on a JASCO J-715 spectropolarimeter. 
Thermal helix inversions were monitored by CD spectroscopy using the apparatus 
described above and a JASCO PFD-350S/350L Peltier-type FDCD attachment with a 
temperature control. Uvasol-grade solvents (Merck) were used.  
The synthesis of motor 2.2 is reported in ref. 7. 
 
 
2.6.2  Computational details 
 
The Gaussian 03W (rev. B.03) software package
25 was used for all the calculations. 
The structures were optimized at the DFT B3-LYP
31 6-31G(d,p) level. For all of them a 
frequency analysis was performed to verify their nature: only positive eigenvalues were 
found for the stable trans, stable cis, unstable trans and unstable cis  isomers, 
demonstrating that they are at energy minima, and only one negative eigenvalue was found 
for trans TS1, trans TS2 and cis TS, demonstrating that they are at saddle points. The 
energy of the calculated structures were determined by thermochemical calculation of the 
Gibbs free energy at 20ºC, and the zero point energy correction was included. 
 
In order to obtain the structures at the transition states, potential energy surfaces (PES) 
were generated by performing relaxed scan calculations at the PM3
36 level. In particular, 
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for the cis isomer a scan was performed around the dihedral φ1 (Figure 27a). Subsequently, 
the structure at the maximum of energy was optimized free of constraints to converge at 
the desired transition state. 
The procedure to obtain TS1 was less straightforward. Starting from the meso trans,
37 
dihedral φ1 was decreased keeping φ2 and φ3 frozen at several fixed values (Figure 27b). 
Therefore, for each value of φ3 a 2D PES was generated varying φ1 and φ2 (which could be 
visualized using the SigmaPlot graphing software v. 11.0
38), where a TS1 for that specific 
φ3 could be found. Comparing the energies of all the obtained TS1 for all the different φ3 
values, the ones at the lowest energy were chosen to be optimized to a transition state 
without geometrical restrictions. The desired TS1 conformation could be obtained starting 
from the structure with φ1=57.0º, φ2=26.5º and φ3=-45.0º.  
Transition state TS2 was also obtained starting from the meso trans and performing a 
relaxed scan increasing φ1. Optimization of the structure at the maximum of energy 
resulted in the desired transition state TS2. 
The obtained semiempirical structures of the transition states were subsequently refined 
by DFT B3LYP, using the 3-21G basis set first and then the 6-31G(d,p). At all of the three 
levels used, after performing a frequency analysis, a minimal manual displacement along 
the two directions of the only negative normal mode found was performed. The so obtained 
structures were minimized, and led always to the expected starting conformations (unstable 
cis, unstable trans, meso trans) and to the final conformations (stable cis, meso trans, 
stable trans), confirming that the transition states found were indeed the desired ones (cis 
TS, TS1 and TS2, respectively). The displacement vectors were visualized using the MaSK 
v.1.1.1 software package.
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Figure 27: Dihedral used for the PES calculations in order to localize the transition states of motor 2.2.  
 
 
For the NMR calculations, the DFT structures were reoptimized including the solvent 
effect of dichloromethane using the integral equation formalism of the polarizable 
continuum model (IEFPCM).
28 The shielding constants were calculated with the gauge-
including-atomic-orbital (GIAO) method
27 using the basis sets indicated in the text, also 
applying the IEFPCM formalism for dichloromethane. The values obtained for the 
shielding constants were converted in a ppm scale by subtracting the value obtained for 
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TMS calculated in the same way. This not only makes the comparison with experimental 
data easier, but also compensates to some extent for the error due to correlation effects.
40 
The ppm values were then empirically scaled according to the procedure of Forsyth and 
Sebag.
29 
The rotatory strenghts were calculated using the time-dependent DFT method (TD-
DFT)
41 at the 6-31++G(d,p) level of theory. In every case, the first 40 excited states were 
calculated. The CD spectra were obtained using the GaussSum 2.1 software package;
42 a 
width included in the interval from 0.15 to 0.36 eV was chosen according to the best 
reproduction of the experimental data. Their vertical scales (Figure 24) were arbitrarly 
scaled to be compared with the experimental spectra. 
 
 
 
 
 
2-Bromomethylnaphthalene: prepared according to a literature procedure.
43 A solution of 
2-methylnaphthalene (25 g, 176 mmol), NBS (31.3 g, 176 mmol) and dibenzoylperoxide 
(0.2 g, 0.8 mmol) in CCl4 (200 ml) was heated at reflux for 18 h. The cooled solution was 
filtered and the solvent removed under reduced pressure. The brown solid was absorbed on 
silica and eluted with pentane (Rf = 0.4), to give the title compound as a white solid (26.3 
g, 119 mmol, 68%). Alternatively, a recrystallization from pentane can also be performed, 
even if traces of succinamide were found to be more difficult to eliminate with this 
method. 
1H NMR (300 MHz, CDCl3) δ 4.68 (s, 2H), 7.48-7.53 (m, 3H), 7.81-7.86 (m, 4H).
 13C 
NMR (75 MHz, CDCl3) δ ppm 135.0, 133.1, 133.0, 128.7, 127.9, 127.8, 127.7, 126.7, 
126.5, 126.4, 34.1. 
 
 
 
+
C16H33
C16H33
C16H33
C16H33
 
(2R*,2'R*)-(P*,P*)-trans-(±)- and (2R*,2'R*)-(P*,P*)-cis-(±)-2,2'-dihexadecyl-2,2',3,3'-
tetrahydro-l,l'-bicyclopenta[a]naphthalenylidene (2.6) (this structure does not express 
the absolute stereochemistry of the molecule): To a stirred suspension of zinc powder (0.78 
g, 11.5 mmol) in THF (5 ml) was added slowly TiCl4 (0.66 ml, 6 mmol) at 0ºC. The 
resulting black slurry was then heated at reflux for 2 h. A solution of 2-hexadecyl-2,3-
dihydro-lH-cyclopenta[a]naphthalen-l-one 2.7 (1.22 g, 3 mmol) in THF (4 ml) was added, 
and heating was continued for 3 d. The reaction mixture was poured into a saturated 
aqueous solution of NH4Cl (100 ml) and extracted with ethylacetate (3 × 80 ml). The 
combined organic layers were dried over MgSO4, and the solvent was removed under 
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reduced pressure to yield impure product as brown oil. The first purification was 
performed by column chromatography (SiO2, 2% ethyl acetate in pentane; Rf(cis) = 0.45 in 
pentane, Rf(trans) = 0.54 in pentane,) yielding 2.6 (0.85 g, 76%) as a mixture of cis and 
trans isomers in a ratio of about 2:3. Further purification was performed by column 
chromatography with SiO2 pretreated with a 10% solution of AgNO3 in CH3CN.
44 
 
stable (2R*,2'R*)-(P*,P*) trans 2.6: waxy solid. m.p. = 73.9-75.0ºC. IR (KBr): 3049, 2924, 
2847, 1475 cm
-1. 
1H NMR (300 MHz, CDC13) δ 0.85-0.90 (m, 6H), 1.20-1.25 (m, 58H), 
2.01-2.05 (m, 2H), 2.52 (d, J = 15.6 Hz, 2H), 2.82-2.88 (m, 4H), 7.37 (d, J = 8.4 Hz, 2H), 
7.43-7.51 (m, 4H), 7.74 (d, J = 8.0 Hz, 2H), 7.89 (d, J = 8.7 Hz, 2H), 8.25 (d, J = 8.0 Hz, 
2H). 
1H NMR (500 MHz, CD2C12) δ ppm 8.19 (d, J = 8.10 Hz, 2H), 7.89 (d, J = 8.08 Hz, 
2H), 7.75 (d, J = 8.11 Hz, 2H), 7.54 (t, J = 7.60 Hz, 2H), 7.45 (t, J = 7.55 Hz, 2H), 7.41 
(d, J = 8.11 Hz, 2H), 2.97-2.92 (m, 2H), 2.89 (dd, J = 14.48, 5.46 Hz, 2H), 2.32 (d, J = 
14.63 Hz, 2H), 1.23 (d, J = 6.39 Hz, 6H). 
13C NMR (78 MHz, CDC13) δ 14.4, 23.0, 28.3, 
29.7, 30.0, 30.2, 32.2, 35.1, 38.1, 48.3, 123.7, 124.3, 127.0, 127.9, 128.5, 129.8, 132.4, 
138.1, 139.8, 144.5. HRMS: calcd. for C58H84: 780.6573, found 780.6551. Elem. anal. (%): 
calcd. for C58H84: C, 89.16; H, 10.84; found: C, 88.35; H, 10.82. Chiral separation: 
Chiralcel OD (heptane 100%); retention times: (2R,2'R)-(P,P) 15.92 min and (2S,2'S)-
(M,M) 19.85 min. [α]D
20 = +195º (c = 0.00205, hexane) for the second enantiomer eluted.  
 
stable (2R*,2'R*)-(P*,P*)  cis  2.6: waxy solid; mp 52.4-53.1ºC; IR (KBr): 3048, 2923, 
2851, 1466 cm
-1; 
1H NMR (300 MHz, CDCl3) δ 0.86-0.88 (m, 6H), 1.20-1.62 (m, 60H), 
2.82 (m, 2H), 3.45-3.49 (m, 4H), 6.31-6.36 (m, 2H), 6.52 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 
8.4 Hz, 2H), 7.61-7.70 (m, 4H).
 1H NMR (500 MHz, CD2C12) δ ppm 7.71 (d, J = 8.21 Hz, 
1H), 7.65 (d, J = 8.13 Hz, 1H), 7.51 (d, J = 8.16 Hz, 1H), 6.95 (t, J = 7.52, 7.52 Hz, 1H), 
6.58 (d, J = 8.50 Hz, 1H), 6.34 (t, J = 7.64, 7.64 Hz, 1H), 3.62-3.50 (m, 1H), 2.65 (d, J = 
14.58 Hz, 1H), 1.14 (d, J = 6.57 Hz, 1H). 
13C NMR (75 MHz, CDCl3) δ 14.7, 23.3, 29.5, 
29.9, 30.3, 30.7, 32.5, 34.8, 38.4, 49.4, 97.6, 124.7, 125.2, 125.8, 126.9, 128.3, 129.0, 
130.6, 133.6, 141.4, 142.7. HRMS: calcd. for C58H84: 780.6573 found 780.6569. Elem. 
anal. (%): calcd. for C58H84: C, 89.16; H, 10.84; found C, 88.90; H, 10.90. Chiral 
separation: Chiralcel OD (heptane 100%); retention times: (2R,2'R)-(P,P) 8.82 min and 
(2S,2'S)-(M,M)
21
 12.64 min. [α]D
20 = +200º (c = 0.015, hexane) for the second enantiomer 
eluted. 
 
unstable (2R*,2'R*)-(P*,P*) trans 2.6: 
1H NMR (500 MHz, CD2C12) δ ppm 7.92-7.85 (m, 
4H), 7.76 (d, J = 8.19 Hz, 2H), 7.48-7.39 (m, 6H), 3.68-3.54 (m, 2H), 3.25 (dd, J = 15.17, 
7.81 Hz, 2H), 2.91 (dd, J = 15.09, 8.41 Hz, 2H), 0.58 (d, J = 6.07 Hz, 6H). 
 
unstable (2R*,2'R*)-(P*,P*) cis 2.6: 
1H NMR (500 MHz, CD2C12) δ ppm 7.62 (d, J = 8.18 
Hz, 2H), 7.56 (d, J = 7.98 Hz, 2H), 7.44 (d, J = 8.18 Hz, 2H), 6.97-6.91 (m, 4H), 6.51-
6.45 (m, 2H), 3.84-3.74 (m, 2H), 3.40 (dd, J = 15.56, 8.59 Hz, 2H), 3.15 (dd, J = 15.66, 
7.52 Hz, 2H), 1.56 (d, J = 6.09 Hz, 6H). 
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2-Hexadecyl-2,3-dihydro-lH-cyclopenta[a]naphthalen-l-one (2.7): To a solution of 2-
hexadecyl-3-naphthylpropionic acid 2.11 (2.2 g, 5.2 mmol) in dichloromethane (100 ml), 
thionyl chloride (2.6 ml) and 4 drops of DMF were added, and the mixture heated at reflux 
for 6 h. After evaporation of all volatiles dichloromethane was added (200 ml) and the 
mixture cooled to 0ºC, and at this temperature AlCl3 (1.4 g, 10.4 mmol) was added. 
Stirring was continued overnight and a sat. aq. solution of NH4Cl (100 ml) was added. 
After separation of phases, the water layer was extracted twice with dichloromethane (100 
ml). The organic layers were collected, washed with water and dried over MgSO4. After 
evaporation of solvent, the crude product was purified by column chromatography (SiO2, 
5% ethylacetate in pentane; Rf = 0.56) to give a viscous oil (1.96 g, 91%). 
IR (KBr): 2919, 2849, 1684, 1462 cm
-1. 
1H NMR (300 MHz, CDCl3) δ 0.86-0.90 (m, 3H), 
1.10-1.54 (m, 29H), 2.00-2.06 (m, 1H), 2.72-2.79 (m, 1H), 2.87 (d, J = 3.3 Hz, 1H), 2.93 
(d, J = 3.3 Hz, 1H), 3.36-3.47 (q, J = 7.3 Hz, 1H), 7.49-7.69 (m, 3H), 7.85 (d, J = 8.1 Hz, 
1H), 8.03 (d, J = 8.4 Hz, 1H), 9.16 (d, J = 8.4 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 
14.1, 21.9, 27.8, 29.5 (br), 32.0, 33.8, 48.8, 124.0, 126.1, 128.2, 129.2, 129.9, 131.1, 132.9, 
135.9, 157.2, 209.9. HRMS: calcd. for C29H42O: 406.3236, found 406.3238. Elem. anal. 
(%): calcd. for C29H42O: C, 85.66; H, 10.41; O, 3.93; found: C, 85.65; H, 10.45; O, 4.10. 
 
 
 
C H 16 33
O
O
 
2-Hexadecyl-3-naphthylpropionic acid methyl ester (2.8): an LDA solution in THF (100 
ml) was prepared at -78ºC by adding n-BuLi (10 ml, 16 mmol) to diisopropylamine (2.25 
ml, 16 mmol) followed by stirring for 20 min at -78ºC. A solution of methyl stearate 2.9 
(4.74 g, 15.9 mmol) in THF (50 ml) was added dropwise at -50ºC and the resulting mixture 
was stirred for 1.5 h at -78ºC. A solution of 2-bromomethylnaphthalene (3.9 g, 17.6 mmol) 
in THF (20 ml) was added slowly and the reaction mixture was allowed to warm overnight 
to room temperature. Addition of sat. aq. solution of NH4Cl (200 ml) and extraction with 
diethyl ether (3  ×  100 ml), drying of the organic layers over MgSO4 followed by 
evaporation of the solvent, gave a solidified oil. Purification by column chromatography 
(SiO2, ethylacetate-pentane 1:16) gave a waxy solid (5.0 g, 72%), which was used 
immediately in the next step. 
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2-Hexadecyl-3-naphthylpropionic acid (2.11): 2-Hexadecyl-3-naphthylpropionic acid 
methyl ester 2.8 (5.0, 11.4 mmol) was dissolved in a mixture of THF (100 ml) and ethanol 
(100 ml)  and a solution of LiOH (1.8 g) in water (100 ml) was slowly added. The reaction 
mixture was heated at reflux for 24 h. After cooling to room temperature, diluted aq. HC1 
was added and the mixture was extracted with diethyl ether (3 × 150 ml). The organic 
layers were collected and washed with brine, dried over Na2SO4 and the solvent 
evaporated. Purification by column chromatography (SiO2, ethylacetate-pentane 1:16; Rf = 
0.23 in ethylacetate-pentane 1:4) gave a waxy solid (3.41 g, 71%). 
m.p. = 67.0-67.5ºC. IR (KBr): 3054, 2922, 2852, 1696, 1467 cm
-1. 
1H NMR (300 MHz, 
CDCl3) δ 0.82 (br, 3H), 1.19 (br, 28H), 1.50 (br, 1H), 1.61 (br, 1H), 2.72 (br, 1H), 2.82-
2.89 (m, 1H), 3.04-3.11 (m, 1H), 7.34 (d, J = 8.4 Hz, 1H), 7.44-7.49 (m, 2H), 7.64 (s, 1H), 
7.76-7.82 (m, 3H), 10.0 (br, 1H). 
13C NMR (101 MHz, CDCl3) δ 14.0, 22.6, 27.2, 29.5 
(br), 31.7, 31.9, 38.1, 47.5, 125.4, 125.4, 127.2, 127.3, 127.5, 127.6, 128.0, 132.2, 133.5, 
136.6. HRMS: calcd. for C29H44O2: 424.3341, found 424.3356. Elem. anal. (%): calcd. for 
C29H44O2: C, 82.02; H, 10.44; O, 7.53; found C, 82.10; H, 10.45; O, 7.30. 
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CHAPTER 3 
 
 
NEW TOPOLOGIES OF MOLECULAR 
MOTORS: MOTORS WITH LOOPS. 
A MOLECULAR SKIPPING ROPE AND A 
MOLECULAR STRAITJACKET. 
 
 
 
 
 
 
 
 
 
In this chapter, the synthesis of a functionalized molecular motor is described and 
its use as scaffold to make three different structures with new topology. The dynamic 
properties of these systems have been successively studied. In the beginning, a motor 
with ether groups was studied in order to demonstrate that the oxygens in proximity of 
the central double bond of the motor do not affect the rotation. Subsequently, two loops 
of different sizes are connected to the scaffold: the larger does not prevent the rotation 
of the motor moiety, while the smaller does, bringing the molecular rotor  to behave 
like a light driven molecular switch. Finally, the motor with the small loop motor was 
transformed to gain more flexibility and the changes in dynamic properties were 
analyzed. 
 
 
 
 
 
Parts of this chapter will be submitted for publication: G. Caroli, B. L. Feringa, manuscript 
in preparation. 
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3.1  Introduction 
 
 
In recent years there has been remarkable progress towards the development of 
artificial molecular systems where external stimuli can induce controlled translational or 
rotary motion, as summarized by the number of reviews recently published.
1 In view of 
future applications of these dynamic systems and the prospect to build nanomachines, more 
complex molecular motors should be developed, in which new functionalities are attached 
to the core structure without compromising the motor function. 
In 1999, molecule 3.1 was reported from our group as the first light-driven 
unidirectional molecular motor
2  ( Chart 1). It consists of a sterically overcrowded 
symmetric biphenanthrylidene, the main features of which are its intrinsic helical shape, 
the central C=C bond, that functions as axis of rotation, and two stereogenic centers with a 
methyl substituent that, due to steric hindrance, adopt an energetically preferred 
pseudoaxial orientation. Furthermore the molecule undergoes a stereoselective stilbene-
type photoisomerization. In this system, repetitive unidirectional rotation around the 
central double bond (the axis of rotation) is achieved in four steps: two energetically uphill 
photochemical steps, each followed by an energetically downhill thermal step. Upon 
irradiation, cis/trans isomerization occurs, with inversion of the helicity and simultaneous 
change in the conformation of the six-membered ring, forcing the methyl substituents to 
adopt a less favored pseudo-equatorial orientation. To revert to the most favored pseudo-
axial conformation of the methyl substituents, the naphthalene upper part must slip past the 
lower part of the molecule, resulting in an irreversible thermal isomerization with 
simultaneous helix inversion. The half life for the thermal helix inversion of 3.1 from 
(P,P)-trans to (M,M)-trans was 34 h
3 at room temperature. 
The five-membered ring version of this motor, 3.2,
4,5 (Chart 1) was also tested. It was 
found to show faster thermal inversions, apparently due to the considerable reduction of 
the steric hindrance in the “fjord” region of the molecule. The half life for the thermal helix 
inversion from (P,P)-trans to (M,M)-trans for 3.2 has been determined to be only 18 sec at 
room temperature. 
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Chart 1: Basic structures of molecular motors. 
 
 
Studies on the effect on energy barrier for the thermal helix inversion by changing the 
substituents at the stereogenic centers in motors 3.3
6 and 3.4
7 have also been reported 
(Chart 1). In these studies, we found that not only the steric hindrance in the “fjord” region, 
but also conformational effects are involved in governing the thermal isomerization 
process of these molecular motors. However, when the motor is derivatized at the 
stereogenic center with an alkyl chain, the rotary function is maintained, and the effect on 
energy barrier for the thermal helix inversion is only modest
8 (see Chapter 2). 
Building on these earlier designs, we explore the possibility to connect loops around 
molecular motors. It is of interest to investigate systems with novel topologies, in order to 
establish the limits of the motor functioning, new applications and/or new emerging 
features. A loop covalently attached to a motor might strongly affect its behavior, in that it 
might either still allow the rotation or prevent it, or change its behavior entirely. In the 
present work, we report the synthesis and study of two first generation five membered ring 
molecular motors derivatized with loops of different sizes. A functionalized motor was first 
prepared as scaffold, and the proper functioning of the rotary motor established. The 
scaffold was then utilised to build the two target systems, one with a 32 membered loop 
and the other with a 16 membered loop (Scheme 1). Moreover, it is also demonstrates that 
a change in flexibility of the small loop determines a change in the behavior of the 
molecule. 
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Scheme 1: Bifunctional motor scaffold and two systems with loops of different size (L = linker). 
 
 
 
3.2  Design and synthesis 
 
 
Motor 3.5 was designed as the dynamic scaffold for attaching loops. It presents two 
hydroxy functionalities which allow for further derivatization. Moreover, the three carbon 
chains that connect the hydroxy groups to the stereogenic centers, being reminiscent of our 
previously reported motor,
8 are expected not to prevent the rotary function of the motor. 
Different synthetic approaches were attempted. The first is shown in the retrosynthetic 
Scheme 2. In this case, the possibility of an asymmetric synthesis including the use of an 
Evans’ chiral auxiliary
9 was considered (Scheme 3). Motor 3.5 might be readily accessible 
through McMurry coupling of ketone 3.6, after suitable protection of the hydroxy group, 
which is incompatible with the conditions used in this reaction. Ketone 3.7 can be obtained 
by intramolecular Friedel-Crafts acylation from acid 3.8, after protection of the free 
hydroxy group with a benzylic group. Acid 3.8 can be made by α-alkylation of the ester of 
acid  3.9 and readily accessible 2-(bromomethyl)-naphthalene. Finally, acid 3.9 can be 
prepared starting from the commercially available 1,5-pentanediol. 
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Scheme 2: Retrosynthetic scheme for difunctionalized motor 3.5, first route. 
 
 
An asymmetric synthesis of acid 3.8 is anticipated using the Evans’ chiral auxiliary 3.12 
(Scheme 3).
9 In this case, the α-alkylation of 3.9 with 2-(bromomethyl)-naphthalene has to 
be performed after the reaction of acid 3.9 with the chiral auxiliary, to produce 3.11.  
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Scheme 3: Retrosynthesis of optically active 3.5 using an Evans’ chiral auxiliary 3.12. 
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The attempted synthesis of racemic 3.5 is shown in Scheme 4. A benzyl 
monoprotection of 1,5-pentanediol was performed by reaction of pentanediol with 1 
equivalent of NaH and 1 equivalent of benzylbromide
10. As expected, the result was a 
statistic mixture of the starting material, the monoprotected 3.13 and the diprotected 
product in approximately 1:2:1 ratio, corresponding to a yield of 3.13 of 41%. The starting 
material could easily be separated via aqueous extraction. The mono and the diprotected 
products, instead, being more difficult and time consuming to separate, where used 
together for the next step, namely an oxidation with Jones reagent. This was possible 
because this oxidation was expected to convert alcohol 3.13 into acid 3.9
11, but not to 
affect the diprotected product, which could be easily separated from acid 3.9 with common 
acid base extraction. Acid 3.9 was obtained quantitatively from the oxidation step. After 
conversion into the methylester 3.14, an α-alkylation with 2-(bromomethyl)-naphthalene 
was performed using freshly prepared lithium diisopropylamide (LDA) to provide 3.15 in 
50% yield. Basic hydrolysis of the ester led to acid 3.8 in 90% yield. The carboxylic group 
was activated with oxalylchloride to form the acylchloride 3.16, which was immediately 
treated with aluminium trichloride. Unfortunately the main product of this reaction was 
found to be the lactone 3.17, and none of the expected product 3.7 was obtained. Moreover, 
a small amount of the deprotected ketone 3.6 were also isolated. Apparently under the 
reaction conditions the benzyl protecting group, known to be sensitive to aluminium 
trichloride,
12 is cleaved first, and successively the cyclization to the lactone 3.17 is faster 
than the cyclization to ketone 3.6.  
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Scheme 4: First attempt to synthesize motor 3.5. 
 
 
Different reaction conditions to obtain 3.7 (or eventually 3.6) from 3.8 were examined: the 
use of only one equivalent of aluminium trichloride (instead of two), the milder Lewis acid 
tin tetrachloride, and polyphosphoric acid (PPA), but no good results were achieved. An 
attempt to convert lactone 3.17 directly into ketone 3.6 using aluminium trichloride in 
order to reversibly open the lactone ring, followed by irreversible Friedel-Crafts acylation 
to provide ketone 3.6, also failed. 
For this reason, another synthetic approach towards 3.5 was designed as shown in Scheme 
5. Ketone 3.19 was thought to be a good candidate as precursor of 3.18, as it is expected to 
undergo the Krapcho de-alkoxycarbonylation. Ketone 3.19 could be prepared by alkylation 
of the β-ketoester 3.20, which can be prepared via intramolecular Friedel-Crafts acylation 
of acid 3.21. Acid 3.21 can easily be made by the classic malonic synthesis, implying 
alkylating with 2-(bromomethyl)naphthalene followed by mono ester hydrolysis. 
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Scheme 5: Retrosynthetic analysis of motor 3.5, second route. 
 
 
The synthetic approach started with the cheap malonic ester, which was monoalkylated, 
with 2-(bromomethyl)naphthalene to give diester 3.22 in moderate yield (Scheme 6). 
Hydrolysis of only one of the two ester functionalities was achieved using one equivalent 
of acqueous KOH, which led to product 3.21 in the higher then statistically expected yield 
of 84%. Both these procedures were executed according to a previously published 
literature procedure.
13 Acid 3.21 was activated with oxalylchloride, and immediately 
allowed to react with AlCl3 to give ketone 3.20 as product of the ring closing reaction. In 
parallel, tert-butyl(3-iodopropoxy)dimethylsilane (3.24) needed for sidechain attachment 
was prepared from commercially available 3-bromo-1-propanol in two steps: in the first 
the hydroxy of the 3-bromo-1-propanol was protected with the t-butyldimethylsilyl group 
(TBS) to give 3.23,
14 while in the second the bromine is substituted by an iodine via a 
Finkelstein reaction, leading to 3.24
15 in very high yield (Scheme 7).  
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Scheme 6: Second route for the synthesis of difunctionalized scaffold 3.5. 
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Scheme 7: Synthesis of tert-butyl(3-iodopropoxy)dimethylsilane (3.24). 
 
 
Unfortunately, all attempts to react molecules 3.20 and 3.24 to give 3.19 failed. According 
to a literature procedure
16, 3.20 was deprotonated with NaH in dry DMF, 3.24 was added, 
and the mixture was left stirring overnight at room temperature followed by an additional 6 
h at 70ºC, but only starting material was recovered. In an alternative procedure
17 , 
potassium t-butoxide was used as base in dry THF; the mixture was left stirring overnight 
at room temperature, and additional 9 h while heated at reflux, but again starting material 
was the major compound recovered and no product was found. 
Clearly another synthetic approach was needed. In Scheme 8 a third possible 
retrosynthesis is shown. Still, motor 3.5 can be accessible through McMurry coupling of 
the ketone 3.6, after protection of the hydroxy group. The hydroxy group in ketone 3.6 can 
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be obtained via hydroboration of the terminal olefin of ketone 3.25, which is obtained via 
allylation at the α position of ketone 3.26 with allylbromide. Ketone 3.26 can be obtained 
in two steps from the inexpensive naphthalene and 3-chloropropanoyl chloride, according 
to published procedures.
18, 19 
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Scheme 8: Third retrosynthetic approach of difunctionalised scaffold 3.5. 
 
 
The synthesis starts with the Friedel-Crafts acylation of naphthalene with 3-
chloropropanoyl chloride in the presence of AlCl3
18 to form 3.27 (Scheme 9). Subsequent 
ring closure reaction with concentrated sulfuric acid
19 led to ketone 3.26 in 48% yield over 
two steps. Freshly prepared LDA was used to generate the enolate of 3.26 at -80ºC, which 
was then allowed to react with allylbromide. For this allylation, a mixture of THF and 
HMPA 1:1 as solvent showed to be more effective then THF as the only solvent. In this 
way the yield of 3.25 was improved, and the formation of the unwanted double allylated 
product reduced (yields not higher than 35% were achieved without HMPA). 
Hydroboration of 3.25 with 9-BBN gave alcohol 3.6
20 in 78% yield. Before performing the 
McMurry coupling, a protection of the alcohol is necessary. A protective group stable 
under acidic conditions like TBS was found to be a good choice. Alcohol 3.6 was 
deprotonated with an excess of triethylamine and converted with t-butyldimethylsilyl 
chloride into 3.18 in 87% yield. In the key step of the synthesis, ketone 3.18 was coupled 
in the presence of low valent titanium (McMurry coupling) in refluxing THF overnight, 
leading to overcrowded alkene 3.28 in an overall yield of 65%, as a mixture of cis and 
trans isomers (ratio 1:1) as determined by 
1H NMR. Motor 3.28 was then treated with 
tetrabutyl aluminium fluoride in THF for 3 h in order to achieve deprotection. The yield 
was quantitative, as evident by thin layer chromatography, but unfortunately the 
deprotected diol 3.5 was found to decompose very quickly during purification. For this 
reason, it was only possible to recover pure cis 3.5a in approx. 30% yield, and none of the 
more sensitive trans 3.5b isomer. 
 
  108New topologies of molecular motors: motors with loops. A molecular skipping rope and a molecular 
straitjacket. 
 
 
 
O Cl O O
O
OH
O
OTBS
OTBS
TBSO
OH
HO
AlCl3
80%
H2SO4
60%
1. LDA
2. allylbromide
1. 9-BBN
2. H2O2,N a O H
60%
TBSCl,
TEA
67%
Zn, TiCl4
65%
TBAF
50%
O Cl
Cl
+
38%
OH
OH
+
DCM THF
THF DCM THF
THF
13%  
3.27  3.26  3.25 
3.6  3.18 
3.28  3.5a  3.5b   
Scheme 9: Synthetic route of scaffold 3.5. 
 
 
In this synthesis, the limiting step is the α-allylation of ketone 3.26 to produce ketone 
3.25. This is due to various reasons: the yield is the lowest in the all synthetic path; the 
very harmful hexamethylphosphoramide (HMPA)
21 is required; and the purification is time 
consuming due to the similar Rf of 3.25 and the product of the double allylation. In order to 
bypass these difficulties, efforts were made to produce ketone 3.25 in an alternative way. 
An appealing route is shown in Scheme 10. An O-alkylation of ketone 3.26 followed by 
Claisen rearrangement should lead to ketone 3.25.
22 Several conditions were examined 
(see Scheme 10), but unfortunately compound 3.29 was never obtained, and the starting 
material 3.26 or the products from mono 3.25 and di-C-alkylation were recovered in low 
yield in every case tested. 
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Scheme 10: Attempted alternative way to synthesize ketone 3.25. i) conditions tried: allylbromide, K2CO3, 
dry acetone, reflux; allylbromide, K2CO3, KI, acetone, reflux; allylbromide, K2CO3, DMF, 60ºC; 
allylbromide, K2CO3, 18-crown-6, DMF, 90ºC; allylbromide, Cs2CO3, DMF, 90ºC; allyltosylate
23, K2CO3, 
DMF, 60ºC; allyltosylate, KHMDS, DMF, 60ºC; allylbromide, KHMDS, DMF, 60ºC; NaH, allylbromide, 
HMPA, rt; NaH, allyltosylate, HMPA, rt; KHMDS, allylbromide, HMPA, rt; KHMDS, allyltosylate, HMPA, 
rt; K2CO3, allylbromide, HMPA, 60ºC; K2CO3, allyltosylate, HMPA, 60ºC. 
 
 
Moreover, an attempt to obtain ketone 3.18 directly from ketone 3.26 via enolate formation 
with LDA followed by alkylation with 3.24 was also performed (Scheme 11), but no 
product could be isolated.  
 
 
 
 
3.24 
  3.26  3.18 
 
Scheme 11: Attempt to obtain ketone 3.18 from ketone 3.26 in one step. 
 
 
In conclusion, despite many attempts to develop a shorter synthetic route, the approach 
shown in Scheme 9 is still the best so far. 
 
The cis isomer 3.5a was used to produce two motors with loops of different size. The 
syntheses are shown in Scheme 13 and Scheme 16. 
One further experiment was carried in order to gain a better understanding of the 
instability of motor trans 3.5b. As with long hydrocarbon chains no particular instability 
was observed (see Chapter 2), the low stability of motor 3.5 has to be ascribed to the 
presence of the hydroxy groups. A reaction was performed to convert them in two methyl 
ether functionalities, and check for improvements in the stability of the new molecule 3.30 
(Scheme 12). 
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Scheme 12: Synthesis of motor 3.30. 
 
 
Motor trans 3.5b, taken from the purest fraction obtained, was deprotonated with NaH 
and treated with an excess of iodomethane. On the basis of thin layer chromatography 
analysis (TLC) after the reaction was completed, it was evident that the starting material 
3.5b was completely converted and only one less polar fluorescent product was found. 
Successive NMR analysis of the fractions obtained after flash column chromatography 
demonstrated that the product was indeed the expected motor 3.30. The conclusion from 
this data is that the reaction did work in quantitative yield, but further purification of the 
product 3.30 by flash column chromatography led to the loss of about half of the material. 
Therefore, comparing motors 3.5b and 3.30, it can be concluded that indeed 3.30 still 
presents instability, but somewhat less then the parental molecule 3.5b. This suggests that 
an important role for the degradation is played by the oxygen atoms close to the core of the 
motor, and the degradation is somewhat faster with hydroxy then with methoxy 
functionalities. Moreover, it was noticed that when motor 3.5b was left in an NMR tube in 
solution with deuterated chloroform that was purified from acidic impurities, the 
degradation was significantly slower (days rather then hours). In conclusion, the data 
collected would suggest that the oxygens in the structure play a catalytic role in acidic 
degradation of the motor by assisted protonation of the double bond, and, consistently, 
hydroxy functionalities result in faster degradation than methoxy. 
 
In order to produce the small looped-system, the diol functionalized overcrowded 
alkene  cis  3.5a was deprotonated with sodium hydride in dry dichloromethane, and 
allowed to react with an excess of allylbromide, giving 3.31 in 80% yield (Scheme 13). 
Using the first generation Grubbs’ catalyst, a ring closing metathesis (RCM) reaction gave 
3.32 in high yield. This system presents a loop made up of 16 atoms. The new olefinic 
bond in the loop was obtained as a mixture of E and Z isomers. This is evident by the two 
different signals observed in the 
1H-NMR spectrum at ca. 5.85 ppm, which are assigned to 
the olefinic protons of the E and the Z isomers, and the sum of the integrals of which 
results to be equivalent to 2 protons, in agreement with the molecular structure. Their ratio 
could not be determined in chloroform-d due to their overlap. However, in benzene-d6 the 
two signals appear separated (5.79-5.74 and 5.67-5.63 ppm for Z and E, respectively), and 
the E/Z  ratio was calculated to be 3/1, on the basis of the integrals (for a discussion about 
the identification of the two configurations, see paragraph 3.5). 
Attempts to separate these two isomers with flash chromatography failed. Good results 
were obtained only by HPLC. In particular, preparative HPLC with  an Econosphere 
column and 0.6% isopropylalcohol in heptane as eluent was employed. Furthermore, the Chapter 3 
first isomer eluted was resolved, again by meant of preparative HPLC. This time, a chiral 
AD-H column with 0.5% isopropylalcohol in heptane as eluent were used. 
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Scheme 13: Synthesis of the short-looped motor 3.32. 
 
 
Compound  3.32 was successfully synthesized starting from the scaffold 3.5a. The 
scaffold  3.5 was prepared with the intention to use it also to build other systems. 
Unfortunately it showed to be difficult to handle due to its unstable nature (especially the 
trans isomer). For this reason few efforts were made in order to find a synthetic ‘shortcut’ 
to 3.32  (cis or trans) bypassing 3.5, in order to access a larger scale preparation more 
easily. In Scheme 14 the main routes tried are shown. Ketone 3.6 was treated with NaH 
and allylbromide in THF in an attempt to form 3.33. Ketone 3.33 could then be used in a 
McMurry coupling to form 3.31 followed by RCM to 3.32, or alkene metathesis first to 
3.33, and then intramolecular McMurry coupling to obtain 3.32. Unfortunately, no product 
3.33 of O-allylation was isolated, and based on 
1H-NMR analysis, the main product of the 
reaction seemed to be 3.35 instead. Other attempts consisted in converting ketone 3.6 in the 
diketone 3.34. Several conditions were tried, but without success; compound 3.36 was 
obtained instead. An alternative route to obtain 3.34 involved tosylation of 3.6 to provide 
3.37. Although this reaction proceeds easily, 3.34 was not obtained in the following step. 
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Scheme 14: Attempted alternative synthetic routes to 3.32 aimed to bypass the troublesome compound 3.5. i) 
NaH, allylbromide in THF; ii) NaH, trans-1,4-dibromo-2-butene in THF; iii) K2CO3, trans-1,4-dibromo-2-
butene in acetone; iv) NaOH, trans-1,4-dibromo-2-butene in H2O/THF; v) DBU, (Z)-2-butene-1,4-diyl bis(4-
methylbenzenesulfonate)
23 in THF; vi) Triflic acid, (Z)-but-2-ene-1,4-diyl bis(2,2,2-trichloroacetimidate)
24 in 
DCM/hexane (ref. 25); vii) NaOH, tosylchloride in THF; viii) NaH, cis-2-butene-1,4-diol, in THF. 
 
 
Compound 3.38  was also prepared (Scheme 15). This was done in order to have a 
motor with a loop as small as the one in 3.32 but with a somewhat higher flexibility due to 
the conversion of a rigid double bond into a single bond. Moreover this solves the 
complication of having two different geometrical isomers to study independently. 
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  3.32  3.38 
 
Scheme 15: Synthesis of 3.38. 
 
 
The reduction of the double bond of the motor was performed with Wilkinson’s 
catalyst chlorotris(triphenylphosphine)rhodium(I) in dry and degassed toluene
26. Although 
the yield after purification was not high, the result can be considered satisfactory, as under 
these conditions the aliphatic double bond is reduced selectively with respect to the other 
more sensitive double bond of the motor moiety. This is probably due to the fact that the 
double bond of the motor moiety, being quaternary, is very hindered, and can not be easily 
activated by the bulky Wilkinson’s catalyst. On the contrary, the double bond of the loop 
has enough space to allow the coordination necessary to proceed the reaction. 
1H-NMR 
analysis showed indeed that the absorption of the allylic protons (ca. 5.85 ppm) disappears, 
while all the absorptions in the aromatic region do not change. Consistently, also the 
13C-
NMR signal of the allylic carbon (130.5 ppm for 3.32a and 132.1 ppm for 3.32b) 
disappears. 
 
For the system with the large loop, motor 3.5a was reacted with 10-undecenyl chloride 
using DMAP as base, forming 3.39 in high yield (Scheme 16). A subsequent RCM reaction 
with first generation Grubbs’ catalyst provided 3.40 in high yield. In this case the loop 
consists of 32 atoms. Again, a mixture of cis and trans isomers was obtained as product of 
the metathesis (cis/trans ratio = 2/1). However, in this case no effort was done in order to 
separate them because, due to the large size of the loop, as the model suggests (see 
paragraph 3.4.1), the difference in properties of the two isomers was expected to be 
unimportant. 
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3.39  3.5a 
3.40   
 
Scheme 16: Synthesis of the large-looped motor 3.40. 
 
 
 
3.3  Study of the methyl ether motor 
 
 
In order to study the behavior of molecular motors, 
1H-NMR, UV/Vis and CD 
measurements are commonly used (for example, for the characterization of motor 3.2, see 
ref. 4). 
Motor 3.30 was first studied using 
1H-NMR spectroscopy as a model compound and to 
verify that the incorporation of oxygens in the side chains in proximity of the central 
double bond, which is a possible reason for degradation of the molecule, does not affect the 
rotary function.  
1H-NMR is a powerful tool for the study of molecular motors, in that each of the four 
isomers is characterized by different chemical shifts. The rotary cycle can therefore easily 
be followed with this method. 
 
 
3.3.1  
1H-NMR measurements 
 
In Figure 1a the partial 
1H-NMR spectrum from 2.25 to 4 ppm of a sample of the trans 
isomer of motor 3.30 in toluene-d8 at 25ºC is shown. This solution was irradiated with a 
365 nm lamp for 4h, while kept at -70ºC in an ethanol bath, and measured again at -50ºC 
(Figure 1b). A shift of all the peaks is observed, implying full conversion to a new isomer. 
This isomer was identified as the unstable cis (the cis isomer where the first methylene of Chapter 3 
the alkyl chains at the stereogenic center are in a pseudo-equatorial position) by 
comparison with similar results previously reported
4, 8. The assignment of the cis geometry 
is based on the low field shift of protons Ha, Hb and Hc, as their increased distance from the 
opposite naphthalene  moiety has a deshielding effect. It is remarkable that in this case the 
photostationary state (PSS) showed complete conversion on NMR scale, while in motor 
3.2 the isomeric ratio at the PSS was only about 2:1. This difference seems to be due above 
all to a different wavelength of irradiation (365 nm rather than high pass 280 nm) more 
than to a structural difference, although it can not be excluded that a longer irradiation time 
for  3.2 might bring about a higher conversion. An increase of the temperature of the 
sample of the irradiated 3.30 to 25ºC led again to a shift of all the 
1H-NMR signals, 
indicating the formation of another isomer (Figure 1c). Again by comparison with previous 
reported results
4,  8, the new isomer formed was recognized to be the stable cis, 
characterized by a pseudo-axial position of the first methylene attached to the stereogenic 
center. In this case it can be seen from Figure 1c that Ha shifted to lower field (from 2.95 to 
3.35 ppm), while Hb and Hc shifted to higher field (from 2.85 to 2.65 ppm and from 3.60 to 
3.50 ppm, respectively). This is consistent with the fact that the two naphthalene moieties 
slip pass each other thus inverting their relative position, bringing Ha to experience a lower 
electron shielding, and Hb and Hc to experience a higher one. 
 
To study the second photochemical step, the same sample, containing now the stable 
cis isomer of molecule 3.30, was used. It was irradiated with a 365 nm lamp for 4 h in an 
ethanol bath at -70ºC. Successively, a 
1H-NMR spectrum was acquired at -50ºC (Figure 
1d). Again, comparison with analogous literature experiments
4,8 showed this isomer to be 
the unstable trans, characterized by a pseudo-equatorial position of the first methylene 
attached to the stereogenic center. In this case, the chemical shifts are observed at higher 
field for Ha and Hc, and at lower field for Hb. Indeed, in the unstable trans conformation, 
Ha and Hc are closer to the naphthalene moiety of the opposite half of the molecule, while 
Hb is further away. Also in this case the PSS showed complete conversion on NMR scale, 
while in motor 3.2 the isomeric ratio at the PSS was only about 4:1. The sample was then 
allowed to warm up to 25ºC until the thermal conversion to the stable trans isomer (where 
the first methylenes of the chains are again in a pseudo-axial orientation) was complete 
(Figure 1e). It can be seen that Ha, Hb and Hc all give an upfield shift (from 2.68 to 3.98 
ppm for Ha, from 2.83 to 2.35 ppm for Hb, and from 3.42 to 2.92 ppm for Hc), consistent 
with a stable trans configuration
4,8, where they are all closer to the electron cloud of the 
naphthalene moiety belonging to the other half of the molecule. 
Additionally, in accordance with the analysis above, the range where the aromatic protons 
of molecule 3.30 appear (not shown) are in agreement with the values reported for motor 
3.2 in all of the four isomeric forms. 
It can clearly be seen that the 
1H-NMR spectra in Figure 1a and Figure 1e are identical, 
showing that one cycle of 360º has been successfully performed.  
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a) 
Hd    He        Hd        Hc                  Ha                                Hb  stable trans 
    
b) 
unstable cis  Hc                Hd                He                Ha         Hb                      
    
    
    
c) 
stable cis  Hc         Ha                He            Hd      Hd                             Hb 
d) 
unstable trans  Hc                             Ha         He             Hb         Hd        Hd             
e) 
stable trans 
ppm 2.50 2.75 3.00 3.25 3.50 3.75  
 
Figure 1: 
1H NMR measurements of motor 3.30 in toluene-d8. a) stable trans at 25ºC. b) first irradiation (λ = 
365 nm): unstable cis at -50ºC; c) first thermal step: stable cis at -50ºC; d) second irradiation (λ = 365 nm): 
unstable trans at -50ºC; e) second thermal step: stable trans at 25ºC. 
 
 
We can conclude that molecule 3.30 function as motor, in that no specific effect due to the 
presence of the oxygens in the chains was detected. The full cycle is shown in Scheme 17. 
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λ = 365 nm 
stable trans 3.30  unstable cis 3.30 
Δ  Δ 
λ = 365 nm 
  unstable trans 3.30  stable cis 3.30 
 
Scheme 17: Rotary cycle of 3.30. 
 
 
 
3.4  Study of the large-looped motor 
 
 
1H-NMR and UV/Vis measurements were performed on molecule 3.40 with a 32 
membered loop in order to study its dynamic behavior. The results were compared with 
those obtained with motors previously studied (ref. 4, 8 and motor 3.30) to verify whether 
in 3.40 all the features of a molecular motor are preserved. 
 
 
3.4.1  Molecular modeling 
 
Molecular modeling on molecule 3.40 was performed in order to get a better 
understanding of its geometry. The molecule was optimized at the semiempirical PM3
27 
level of theory using the Hyperchem software package.
28 The result is shown in Figure 2. 
In order for the motor to perform a rotation, half of it must pass through the loop. From the 
charge density of the molecule (Figure 2b) it can be seen that the size of the loop seems to 
be large enough to let the dihydrocyclopentanaphthalene moiety of the motor pass through. 
Therefore, on the basis of this model, the rotation is expected to occur. 
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a)  b) 
 
Figure 2: a) A PM3 optimized structure of stable trans  3.40 (hydrogens omitted for clarity) with cis 
configuration in the loop; b) total charge density with a contour value of 0.005 e/a0
3, calculated at the same 
level of theory. (The conformation shown does not represent the absolute minimum of energy.) 
 
 
 
3.4.2  
1H-NMR measurements 
 
The partial 
1H-NMR spectra of 3.40, in the range from 2 to 4.5 ppm, are shown in 
Figure 3. It appears evident that the results are similar to those obtained for motor 3.30 
(Figure 1). The spectrum of a sample of cis 3.40 in toluene-d8 at 25ºC is shown in Figure 
3a. Next, the solution of cis 3.40 was irradiated with a 365 nm light for 4 h, while kept at -
70ºC in an ethanol bath, and the 
1H-NMR spectrum was measured again at -50ºC (Figure 
3b). Full conversion to a new isomer was observed. This isomer was easily identified as the 
unstable  trans (characterized by a pseudo-equatorial position of the first methylene 
attached to the stereogenic center) by comparison with motor 3.30  and similar results 
previously reported
4,8 (even when the 
1H-NMR spectra are taken in different solvents, very 
similar changes in the chemical shifts are observed, and a comparison is still easily 
possible). The absorption of protons Ha and Hc shifted to higher field (from 3.38 to 2.95 
ppm and from 3.45 to 3.38, respectively), and Hb shifted to lower field (from 2.66 to 2.85 
ppm). Also in this case the photostationary state (PSS) showed full conversion, while in 
motor 3.2 the isomeric ratio at the PSS was only about 4:1. This difference seems to be due 
above all to a different wavelength of irradiation (365 nm rather than >280 nm) more than 
to a structural difference, although it can not be excluded that a longer irradiation time for 
3.2 might bring to a higher conversion.  
An increase of the temperature of the sample of the irradiated 3.40 led to the formation of 
another isomer, as indicated by new changes in the 
1H-NMR spectrum (Figure 3c). Again 
by comparison with previous reported results, the new isomer formed was recognized to be 
the stable trans, characterized by a pseudo-axial position of the first methylene of the loop. 
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It can be seen that Ha, Hb and Hc all give an upfield shift (from 2.95 to 2.70 ppm, from 2.85 
to 2.30 ppm, and from 3.38 to 2.95 ppm, respectively), consistent with a stable trans 
configuration,
4, 8 where they are all closer to the electron cloud of the naphthalene moiety 
on the opposite part of the molecule. 
 
To study the second photochemical step, the same sample, containing now the stable 
trans isomer, was used. It was irradiated with a 365 nm light for 4 h at -70ºC. Successively, 
a 
1H-NMR spectrum was acquired at -50ºC (Figure 3d). Again, comparison with analogous 
motors
4,8 and with the results of motor 3.30 clearly showed this isomer to be the unstable 
cis (where the first methylene of the loop is in a pseudo-equatorial position). The 
assignment of the cis geometry is based on the low field shift of protons Ha, Hb and Hc 
(from 2.70 to 2.97 ppm, from 2.30 to 2.70 ppm and from 2.95 to 3.37 ppm, respectively), 
as their increased distance from the naphthalene  moiety has a deshielding effect. The 
sample was then allowed to warm up to 25ºC until the thermal conversion to the stable cis 
isomer (the cis isomer where the first methylene of the loop are in a pseudo-axial 
orientation) was complete (Figure 3e). In this case, Ha shifted to lower field and Hb at (only 
slightly) higher field, and Hc switches at slightly lower field, going back to the same values 
seen in Figure 3a. Moreover, the results obtained for 3.2 under the experimental conditions 
used gave for cis-trans photoisomerization only a 2:1 isomeric ratio at the PSS, while the 
result for the analogous step in case of motor 3.40 shows again a complete conversion. 
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a) 
Hd                                    Hc       Ha                                                  Hb     stable cis 
b) 
unstable trans  Hd                        Hc       Hd            Ha               Hb    
    
c) 
stable trans  Hd           Hd                                          Hc             Ha               Hb  
    
 
d) 
Hd           Hd                          Hc                             Ha                     Hb   unstable cis 
* 
 
e) 
stable cis 
* 
ppm 2.50 3.00 3.50 4.00  
 
Figure 3: 
1H-NMR measurements of motor 3.40 in toluene-d8. a) stable cis at 25ºC. b) first irradiation (λ = 
365 nm): unstable trans at -50ºC; c) first thermal step: stable trans at 25ºC; d) second irradiation (λ = 365 
nm): unstable cis at -50ºC; e) second thermal step: stable cis at 25ºC. In d) and e) some residual ethanol from 
the cooling bath is also visible. [*: ethanol on the outside of the NMR tube, residue from the cold bath.] 
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Also the range where the absorptions of the aromatic protons of molecule 3.40 appear in 
the 
1H-NMR spectra (not shown) is in agreement with those reported for motor 3.2 in all of 
the four isomeric forms. 
It can clearly be seen that the NMR spectra in Figure 3a and Figure 3e belong to the same 
molecule, showing that one cycle of 360º has been successfully performed. Therefore, we 
can conclude that molecule 3.40 retain the motor function. The full cycle is shown in 
Scheme 18. 
 
 
 
 
λ = 365 nm 
stable cis 3.40  unstable trans 3.40 
Δ Δ 
λ = 365 nm 
  unstable cis 3.40  stable trans 3.40 
 
Scheme 18: Rotary cycle of 3.40. 
 
 
In order for the central motor core of 3.40 to rotate under appropriate stimuli (light and 
heat) like 3.2 can do, half of it must pass through the loop. The experimental results proved 
that the loop is large enough to make it possible. This system can be figuratively addressed 
to as a molecular motor with a skipping rope, in that the loop will continuously turn around 
the motor, which is reminiscent of a skipping rope. 
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Scheme 19: Figuring the “molecular skipping rope” in motor 3.40: the loop is free to rotate around the motor 
moiety. Of course, also the motor unit can rotate unhindered through the loop. 
 
 
To add more evidence to the behavior of 3.40 and more proof to its continuous nature, 
two additional photochemical steps followed by two thermal steps were performed in 
exactly the same way described before, completing in this way another full cycle of 360º. 
As expected, the results (not shown) were perfectly comparable with those obtained in the 
first cycle. 
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3.4.3   UV/Vis measurements 
 
An 8.6·10
-5 M solution of motor cis  3.40  in diethyl ether was used for UV/Vis 
spectroscopy measurements. The UV/Vis spectra of the first half of the cycle are shown in 
Figure 4a. A spectrum at -50ºC was acquired, presenting a maximum at 372 nm. The 
sample was kept at this temperature and irradiated with a 365 nm light until the PSS was 
reached. In the 
1H-NMR experiments an almost quantitative conversion of 3.40 was 
observed after irradiation, and although in this UV/Vis experiment the solvent used was 
different (diethylether rather then toluene), a high conversion can still be expected. The 
UV/Vis spectrum of the mixture at the PSS (measured at -50ºC) reveals a shift of the 
highest absorption maximum of the cis (372 nm) toward higher wavelengths (397 nm) and 
higher absorption, as is typical for the so called first generation molecular motors.
4 
Increasing the temperature till 25ºC led to a UV/Vis spectrum with two maxima at 355 nm 
and 373 nm (acquired at -20ºC). This UV/Vis is characteristic of a stable trans isomer,
4 
and suggests therefore that the expected thermal rearrangement did indeed occur. 
The same sample was used for the study of the second half of the cycle; UV/Vis spectra are 
shown in Figure 4b. Light at 365 nm was used to irradiate at -20ºC the previously obtained 
trans 3.40. When the PSS was reached, a UV/Vis spectrum was acquired at -20ºC. On the 
basis of the 
1H-NMR experiments, the PSS can be expected to be in favour of the cis 
isomer. Also in this case a bathochromic effect (maximum at 399 nm) is clearly visible, 
although the absorbance became lower in intensity. After performing the second thermal 
step by means of an increase of temperature (up to 55ºC), the UV/Vis obtained was similar 
to the spectrum of the initial isomer cis 3.40. The slight difference in the UV/Vis of the 
initial cis 3.40 and the cis 3.40 after one cycle can be easily explained keeping in mind the 
fact that both the PSS’s could be slightly less then 100% (although appearing quantitative 
in the 
1H-NMR spectra, less sensitive than UV/Vis spectroscopy). After completing one 
cycle we have apparently no longer 100% cis, but a small amount of the motor is 
apparently left in the trans form. This justifies the small changes in the UV/Vis spectra. 
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Figure 4: UV/Vis study of molecule 3.40. a) first half of the cycle: cis 3.40 (thick line), PSS after irradiation 
(main product: unstable trans 3.40, thin line), after thermal conversion (main product: stable trans 3.40, 
dotted line); b) second half of the cycle: sample after the first thermal conversion (thick line, main product: 
trans 3.40), PSS after irradiation (main product: unstable cis 3.40, thin line), after thermal conversion (main 
product: stable cis 3.40, dotted line). 
 
 
3.4.4  Kinetic analysis 
 
UV/Vis measurements were also performed to study the kinetics of the two thermal 
steps, and compare them with other motors of the same family. A UV30 filter was mounted 
on the exit of the UV/Vis -beam in order to cut off high energy frequencies unnecessary for 
the acquisition that might otherwise induce unwanted photochemistry during the thermal 
conversion. The changes in UV/Vis absorption as a function of time due to the thermal 
inversion at the specific wavelengths at different temperatures (15, 25, 35 and 45ºC for the 
thermal step of unstable cis 3.40 to stable cis 3.40 and -25, -20, 0 and 10ºC for the thermal 
step of unstable trans 3.40 to stable trans 3.40) were measured. From these data the rate 
constants (k) for the first-order thermal helix inversion processes at the different 
temperatures were obtained. The standard enthalpies and entropies of activation (Δ
‡Hº and 
Δ
‡Sº, respectively) for the two precesses were determined from the rate constants by means 
of the Eyring plot. The Eyring plots of the thermal step 1 (unstable trans to stable trans) 
and of the thermal step 2 (unstable cis to stable cis) are shown in Figure 5a and Figure 5b, 
respectively. These data can then be used to calculate the Gibbs free energies of activation 
(Δ
‡G) and the half lives (t1/2) at a specific temperature. The Gibbs free energy of activation 
(Δ
‡G20ºC) and the half life (t1/2
20ºC) at 20ºC were calculated to be 82 kJ/mol and 50 s for the 
first thermal step and 93 kJ/mol and 60 min for the second thermal step, respectively. All 
the obtained thermodynamic data are summarized in Table 1. 
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Figure 5: Eyring plot of motor 3.40, relative to: a) the first thermal step (unstable to stable trans), and b) the 
second thermal step (unstable to stable cis). 
 
 
 
 unstable  to  stable  trans unstable  to  stable  cis 
k
20ºC  1.4·10
-2 s
-1  1.9·10
-5 s
-1 
Δ
‡Hº  24 kJ·mol
-1  75 kJ·mol
-1 
Δ
‡Sº  -199 J·K
-1·mol
-1  -60 J·K
-1·mol
-1 
Δ
‡G20ºC  82 kJ·mol
-1  93 kJ·mol
-1 
t1/2
20ºC  50 s  60 min 
 
Table 1: Thermodynamic data for motor 3.40. 
 
 
It is of interest to compare the speed of motor 3.40 with the speed of similar motors 
previously reported (see also Chapter 2). In Table 2 the half lives of motors 3.2,
4 3.40, and 
3.41
8 are compared. Motor 3.2 constitutes the core part alone of 3.40 and 3.41, while the 
latter has two alkyl chains  derivatization at the stereogenic centres like in 3.40, but which 
are not connected,  are summarized. 
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3.2 
 
3.41 
O
O
O
O
3.40 
t1/2 
unstable-stable 
trans 
18 s  16 s  50 s 
t1/2 
unstable-stable cis  78 min  37 min  60 min 
 
Table 2: Half lives of motors 3.2, 3.40 and 3.41. 
 
 
From a comparison of the half lives of motor 3.40 with those of motor 3.2 and 3.41, it 
can be noticed that the differences are not dramatic, as all the values are of the same order 
of magnitude. This means that the presence of the loop in 3.40 does not hamper the 
rotation as discussed above, but also does not affect significantly the speed of both thermal 
steps during the 360º rotary cycle. 
 
 
 
3.5  Study of the short-looped motor 
 
 
Molecule 3.32 presents a 16 membered loop, while in 3.40 there is a 32 membered loop, 
and its behavior could be therefore expected to be different. Molecule 3.32  was 
synthetically obtained as a mixture of cis and trans isomers with respect to the double bond 
in the loop as a result of the Grubbs’ ring closing metathesis. These two isomers were 
separated by HPLC and studied individually. Hereafter, the first and the second compound 
eluted will be referred to as 3.32a and 3.32b, respectively (Chart 2). In order to assign 
unequivocally the configuration of the two isomers, X-ray crystallographic analysis of a 
suitable crystal of 3.32b (obtained by slow evaporation of pentane) was performed (vide 
infra). Isomer 3.32b was found to be the one with the E configuration in the loop. 
Additionally, as the 
1H-NMR signals of the olefinic protons of 3.32a and 3.32b present a 
different splitting pattern, a comparison was possible with data previously reported in the 
literature:
29  the olefinic 
1H-NMR signal of the Z isomer of an analogous structure showed 
to have an identical splitting pattern of the olefinic protons of 3.32a. This is in agreement 
with the crystallographic analysis, with 3.32a to be the Z isomer and 3.32b the E isomer 
(Chart 2). 
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  3.32a (Z isomer)  3.32b (E isomer) 
 
Chart 2: Molecular structure of 3.32a and 3.32b. 
 
 
Moreover, 
1H-NMR, UV/Vis and CD measurements were performed to study the 
dynamic behavior of 3.32a and 3.32b. Molecular modeling was also performed. 
 
 
 
3.5.1  Crystallographic analysis and molecular modeling 
 
In order to assign unequivocally the configuration of 3.32a and 3.32b, X-ray 
crystallographic analysis of 3.32b was performed (Figure 6). Suitable yellow crystals were 
obtained by slow evaporation of pentane. The unit cell was found to be triclinic, with space 
group P-1; the triclinic unit cells contained six discrete moieties: four molecules of 3.32b 
(two of each enantiomer) and two highly disordered molecules of pentane. Compared with 
the C2-symmetric nature in solution, as was revealed by 
1H-NMR spectroscopy, the 
molecular structure in the crystal results to be distorted due to crystal packing effects 
especially in the loop moiety, but can be regarded as pseudo-C2-symmetric. All the torsion 
angles around the double bond in cis 3.2 and cis 3.32b, together with the bond length itself, 
are reported in Table 3 for comparison. From these data, notwithstanding the equal bond 
length, the torsion around the central double bond appears to be higher in 3.32b, especially 
in the dihedral angle 211’2’ where a difference of about 8º with compound 3.2 is found, 
demonstrating that the introduction of the loop does induce a larger distortion in the motor 
moiety, in particular pushing the two asymmetric carbons further away from each other. 
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  168.2º 
 
 
19.1º  3.3º   
 
 
 
169.4º 
 
Figure 6: Pluto drawing and Newman projection of cis 3.32b. 
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1  1  3  2  3  2 
2'  3' 3'  2'  1' 1' 
 
  DFT calculations  crystallography 
cis  3.2 3.32a  3.32b 3.2 3.32b 
211’2’  17.2 22.9 21.3 11.0 19.1 
311’3’  4.2 9.3 8.9 3.2 3.3 
211’3’  -169.3 -163.9 -164.9 -176.8 -168.2 
311’2’  -169.3 -163.9 -164.9 -175.3 -169.4 
1-1’  1.36 1.36 1.36 1.36 1.36 
       
unstable trans  3.2 3.32a  3.32b     
211’2’  142.2 145.8 146.1     
311’3’  162.5 160.6 159.9     
211’3’  -27.7 -26.8 -27.0     
311’2’  -27.7 -26.7 -27.0     
1-1’  1.37 1.37 1.37     
       
stable trans  3.2 3.32a  3.32b     
211’2’  -152.8 -166.2 -163.6     
311’3’  159.9 145.3 145.9     
211’3’ 3.5  -10.4  -8.8     
311’2’ 3.5  -10.4  -8.8     
1-1’  1.36 1.36 1.36     
 
Table 3: Dihedral angles (in degrees) around the central double bond and bond length (in Å) of the central 
double bond in 3.2, 3.32a and 3.32b, calculated at the DFT B3LYP 6-31G(d,p) level of theory (for 3.2 see 
Chapter 2) and from crystallographic analysis of 3.2 and 3.32b (for 3.2 see ref. 4). 
 
 
Additionally, calculations were performed on structures 3.32a and 3.32b. For both 
geometrical isomers, the cis, unstable trans and stable trans isomers were modeled and 
optimized at the DFT B3LYP 6-31G(d,p) level of theory using the Gaussian 03W software 
package.
30 The results are shown in Figure 7, Figure 8 and Figure 9, respectively. All the 
optimized structures were verified to be an energy minimum by performing frequency 
analysis, where only positive normal modes were found in all cases. 
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a) 
                 
 
b) 
164.9º  163.9º 
 
  21.3º  8.9º  22.8º  9.3º 
 
 
164.9º  163.9º   
  stable cis 3.32b  stable cis 3.32a 
 
Figure 7: DFT B3LYP 6-31G(d,p) structures of cis 3.32a (a) and 3.32b (b) and their Newman projections. 
See also Table 3. 
 
 
 
        
 
b)  a) 
146.1º 
26.8º 
145.8º   
  27.0º  27.0º    26.8º 
 
  159.9º  160.6º   
  unstable trans 3.32b  unstable trans 3.32a
 
Figure 8: DFT B3LYP 6-31G(d,p) structures of unstable trans 3.32a (a) and 3.32b (b) and their Newman 
projections. See also Table 3. 
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d,p) structures of stable trans 3.32a (a) and 3.32b (b) and their Newman 
rojections. See also Table 3. 
 
hen in unstable trans 3.2. The length of the central double bond is comparable 
in a
 small for the motor to pass 
rough. Therefore, the rotation is expected to be prevented. 
 
     
a) 
 
 
 
193.8º 
10.4º  10.4º  8.8º 8.8º 
196.4º 
b) 
 
 
145.9º  145.3º   
  stable trans 3.32b 
 
Figure 9: DFT B3LYP 6-31G(
stable trans 3.32a 
p
 
The distortion around the central sterically hindered double bond of 3.32a and 3.32b 
was compared with that of motor 3.2 calculated at the same level of theory (see Chapter 2). 
In Table 3 the values found from these calculations for all the involved dihedral angles are 
also reported, together with the length of the double bond in the different isomers. From 
these results, it can be seen that in the cases of the cis and the stable trans isomers of 3.32a 
and 3.32b, these structures have a few degrees higher distortion of the central double bond 
than in 3.2, while in case of the unstable trans isomer, in 3.32a and 3.32b the distortion is 
slightly less t
ll cases.  
The total charge density of 3.32a and 3.32b are shown in Figure 10b and d, 
respectively.
28 It is evident that this size of the loop is too
th
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a)  b) 
 
         
c)  d) 
Figure 10: DFT structure of stable cis 3.32a (a) and 3.32b (c) and their total charge density (b and d, 
respectively) with a contour value of 0.005 e/a0
3, calculated at the PM3 level of theory.
28 
 
 
Finally, the energies of the different conformations were calculated by thermochemical 
analysis at 25ºC. The obtained values after zero point correction are reported in Figure 11. 
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b)  a) 
 
Figure 11: Relative energies of the stable cis, unstable trans and stable trans isomers of 3.32a (a) and 3.32b 
(b) calculated by thermochemical analysis at 25ºC at the DFT B3LYP 6-31G(d,p) level of theory. 
 
 
 
3.5.2  
1H-NMR measurements 
 
In Figure 12 the most relevant part of the 
1H-NMR spectrum of cis 3.32a in DCM-d2 is 
shown. The spectrum in Figure 12a is referred to molecule 3.32a at -50ºC; we have seen 
indeed that at this temperature there is less overlap of the absorptions in the region between 
3 and 4 ppm than at 20ºC, and the signals appear better separated. Also COSY, NOESY, 
HSQC and HMBC measurements where performed, and based on the combination of these 
techniques, the proton assignment shown in Figure 12a was made. It should be noted that 
the absorptions in the aromatic region are identical to those in the aromatic region of motor 
cis 3.2 previously reported (see Chapter 2 and ref. 4). 
The sample was irradiated for 1.5 h at room temperature with 365 nm light, and measured 
at 25, -30 and -50ºC (Figure 12b refers to the acquisition at -30ºC); again at low 
temperature the spectrum appeared to have better separated signals (no significant 
difference was observed between -30 and -50ºC). This irradiation experiment concluded 
with a total conversion of the starting molecule in a mixture of two new compounds in a 
ratio of 83:17 (calculated on the basis of the 
1H-NMR integrals). Comparison of the 
aromatic region with previously reported results for motor 3.2 in the same solvent (see 
Chapter 2), clearly showed that the main product obtained was the unstable trans isomer 
(range from 7.4 to 7.95 ppm), and the second minor product was the stable trans (range 
from 7.3 to 8.45 ppm). The ratio of the two products remained unchanged even after 14 
days at room temperature, demonstrating that in this case no thermal conversion from 
unstable to stable trans occurs, in contrast to what commonly observed.
31 From this, we 
can deduce that stable trans 3.32a is obtained photochemically directly from cis 3.32a 
(Scheme 20). Moreover, the result remained the same even when the irradiation was 
performed at -70ºC, where the thermal step is not expected to occur. A COSY 
measurement was performed on the irradiated sample, which led to the assignment of the 
absorptions shown in Figure 12b.
32  
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As this system showed to have no detectable thermal step after the photoconversion, 
another irradiation experiment was performed on the same sample, in order to establish the 
capability of unstable and stable trans 3.32a to convert back to the original cis isomer 
photochemically. A mercury lamp equipped with a 420 nm high-pass filter (see the UV/Vis 
experiments section for more details on the absorption spectra) was employed to irradiate 
the sample. After 45 min of irradiation at room temperature the PSS was reached, and the 
measured 
1H-NMR spectrum of the sample was found to be identical to the initial one of 
cis  3.32a, demonstrating that the mixture of unstable and stable trans  3.32a  can be 
converted back to the original structure (Scheme 20). At the new PSS after the process of 
the reverse switching, 10% of the compound remains as the unstable trans isomer 
(calculated on the basis of the 
1H-NMR absorption integrals). 
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O  
a) 
stable cis  He   He   Hd     Hd   Hc  Hb  Ha   Hs  Ht  Hr     Hu    Hz   Hv    Hf 
 
unstable trans + stable trans 
b) 
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Figure 12: Partial 
1H NMR spectra of 3.32a in DCM-d2. a) stable cis at -50ºC. b) after irradiation (λ = 356 
nm): mixture unstable/stable trans 83:17 at -30ºC. 
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λ 
λ' 
  unstable 
trans 3.32a(b) 
stable 
trans 3.32a(b) 
cis 3.32a(b) 
 
 
Scheme 20: Products of irradiation of 3.32a(b): stable and unstable trans 3.32a(b) (λ = 356 nm, λ' > 420 nm). 
 
 
Similar NMR experiments were performed for 3.32b. A sample in DCM-d2 was 
prepared and measured at 25ºC and -50ºC. COSY, NOESY, HSQC and HMBC 
measurements where performed to allow a more complete assignment of the absorptions, 
as shown in Figure 13a. 
Also in this case, the 
1H-NMR spectra at -50ºC showed a better resolution of the signals 
compared with the acquisition at room temperature. The sample was then cooled to -75ºC 
and irradiated with 365 nm light until the photostationary state was reached, as verified by 
1H-NMR spectra taken at regular intervals. The 
1H-NMR measurement at the PSS (Figure 
13b) revealed the presence of residual cis  3.32b in an amount of about 5%, and the 
formation of two new compounds in a ratio 70:30. Comparison of the absorptions in the 
aromatic region with previously reported results for motor 3.2 in the same solvent (see 
Chapter 2), clearly showed that the main product obtained was the stable trans isomer 
(range from 7.3 to 8.45 ppm), and the secondary product was the unstable trans isomer 
(range from 7.4 to 7.95 ppm). This differs from what observed with 3.32a, where the main 
product of the irradiation was the stable trans isomer. A COSY was performed on the 
irradiated sample, which led to the assignment of the absorptions shown in Figure 13b.
32 
 
According to the classic four-step cycle of motor 3.2, one would expect to form the 
unstable trans isomer after irradiation of the stable cis, and to form the stable trans isomer 
after thermal rearrangement of the unstable trans. However, here a different behavior is 
observed: although also some unstable trans is formed, the stable trans is formed directly 
as the main product after irradiation. One may argue that the stable trans might come from 
thermal rearrangement of the unstable trans, as the temperature of the solution during the 
irradiation (-75ºC) might still not be low enough to prevent the rearrangement. However, 
this hypothesis does not seem to be realistic in this case, in that the stable/unstable trans 
ratio remained unchanged even after 14 d at room temperature.
31 Moreover, when the 
irradiation experiment was repeated at room temperature, we obtained the same results. 
Further support for a parallel (rather then consecutive) formation of stable and unstable 
trans  3.32b, comes from the presence of isosbestic points in the UV/Vis irradiation 
experiments (vide infra). Therefore it has to be concluded that both the unstable and stable 
trans 3.32b are produced photochemically (see Scheme 20). 
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Like for 3.32a, another irradiation experiment was performed in order to establish the 
capability of system 3.32b, after reaching the PSS, to convert back to the original cis 
isomer. A mercury lamp equipped with a filter to cut all the wavelengths lower than 420 
nm (see the UV/Vis experiments section for more details on the absorption spectra) was 
employed to irradiate the sample. The irradiation was continued until no further change 
was detected using 
1H-NMR analysis, and the PSS was observed after 90 min of irradiation 
at room temperature. The spectrum showed about 5% of residual stable trans 3.32b and 
95% of cis 3.32b, demonstrating that the molecule can be converted back to the original 
stable cis isomer (not shown). 
 
Additionally, to prove the reversibility of the switching process, the same sample, being 
back to the initial cis configuration, was used again to repeat the first irradiation 
experiment: it was irradiated at -75ºC with a 365 nm light till the PSS was reached. The 
1H-NMR spectrum was acquired, and the resulting spectrum (not shown) was found to be 
identical to the one reported in Figure 13b. This demonstrate that the switching process of 
3.33b is reproducible. 
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Figure 13: 
1H NMR measurements of motor 3.32b in DCM-d2. a) stable cis at -50ºC. b) after irradiation: 
mixture stable/unstable trans 70:30 at -50ºC. 
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3.5.2.1  Conclusions 
 
Both 3.32a and 3.32b are unable to perform a rotary cycle, and show a switch-like 
behavior instead. This is due to the presence of the small loop covalently attached to the 
motor core. In fact, in order for the motor core of 3.32a  and 3.32b to rotate under 
appropriate stimuli (light and heat) like 3.2 would do, half of it must pass through the loop. 
In this case, unlike 3.40, the loop is too small to let it happen (see Figure 9 for molecular 
modeling), so the rotation is blocked at a certain point. There is no reason not to think that 
the motor moiety is potentially still operative by itself and maintains its capability to rotate 
under appropriate conditions. However, as it is prevented from doing so by the short loop 
that strongly limits its freedom of movement, this system can be conceptually addressed to 
as a molecular motor with a straitjacket: the motor, when appropriately stimulated, tries to 
rotate, but the loop forces it to maintain the same conformation. 
 
 
3.5.3  UV/Vis measurements 
 
The photochemistry of switches 3.32a and 3.32b were studied with UV/Vis 
spectroscopy. 
The UV/Vis spectrum of a 2.2·10
-5 M solution in DCM of 3.32a is shown in Figure 14a, 
and presents a maximum at 377 nm. Successively, an irradiation at 365 nm was started at 
room temperature, and the progress of the photoisomerization was followed acquiring 
spectra at specific intervals, until the PSS was reached and no more change was observed. 
The presence of isosbestic points is clearly visible, indicating the absence of consecutive 
reactions. Moreover, it is evident that a bathochromic effect is seen (new maximum at 410 
nm), which is well known to be characteristic of unstable forms,
3 and is in agreement with 
the results from 
1H-NMR experiments (vide supra), where the formation of unstable trans 
was observed after irradiation. 
1H-NMR experiments indicated the formation of unstable 
trans and stable trans in 83:17 ratio after irradiation, and the usual thermal conversion 
from unstable to stable was not observed, suggesting that both isomers are generated in 
parallel. The observation of isosbestic points adds more evidence for this, in that it 
excludes the possibility of a consecutive thermal rearrangement from the unstable to stable 
trans. 
 
Subsequently, we performed another irradiation experiment to follow the reverse 
switching of 3.32a. A mercury lamp with a high pass 420 nm filter was used to irradiate 
the sample of 3.32a at the PSS obtained upon 365 nm irradiation. This choice was dictated 
by the fact that at wavelengths beyond 420 nm cis 3.32a has a very low ε (Figure 14a), so 
the switching process from cis to stable and unstable trans can be minimized. The 
irradiation was followed acquiring UV/Vis spectra at distinct intervals, until the new PSS 
was reached (Figure 14b). The final acquisition revealed a spectrum identical to the initial 
cis 3.32a, and the isosbestic points found in this second irradiation experiment are at the 
same wavelengths  then found in the first irradiation experiment. This confirms that we can 
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reversibly switch the molecule back to its original configuration, as already concluded 
from the irradiation experiments followed by 
1H-NMR spectroscopy. 
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Figure 14: UV/Vis spectra of 3.32a (2.2·10
-5 M in DCM) upon irradiation at indicated wavelengths. a) from 
pure cis 3.32a to the PSS; b) reverse switching till the new PSS. 
 
 
Similar experiments were run for 3.32b. The UV/Vis spectrum of a 1.5·10
-5 M solution 
in DCM of 3.32b is shown in Figure 15a, and presents a maximum at 376 nm. The sample 
was then irradiated with 365 nm light at room temperature, and the progress of the 
photoisomerization was followed acquiring spectra at distinct intervals of time, until the 
PSS was reached and no more change was observed. From the 
1H-NMR experiments with 
3.32b we expect the formation of stable trans and unstable trans in a 70:30 ratio. Indeed, in 
this case a much smaller bathochromic effect was observed (appearance of absorption in 
the region between 410 and 460 nm), indicating the formation of a smaller amount of the 
unstable trans isomer. Also in this case isosbestic points were found, suggesting that stable 
and unstable trans 3.32b are produced in parallel from cis 3.32b, and not consecutively 
(Scheme 20). 
Light at 420 nm and higher was used to irradiate the sample of 3.32b at the PSS 
reached in this way. The irradiation was followed acquiring spectra at distinct intervals of 
time, until the new PSS was reached (Figure 15b). The final spectrum was found to be 
identical to the one of the initial cis 3.32b; furthermore the isosbestic points in this second 
irradiation experiment were found at the same wavelengths  then in the first experiment, 
confirming, as already described for the irradiation experiments followed by 
1H-NMR, that 
we can reversibly switch the molecule back to its original configuration. 
In conclusion, for 3.32b also clean forward and backward photoisomerization processes are 
observed (Scheme 20). 
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Figure 15: UV/Vis spectra of 3.32b (1.5·10
-5 M in DCM) upon irradiation at indicated wavelengths. a) from 
pure cis 3.32b to the PSS; b) reverse switching till the new PSS. 
 
 
 
3.5.4  CD measurements 
 
Switch cis 3.32a  gives the unstable trans isomer as major product after irradiation, 
while the major product for cis 3.32b is the stable trans isomer. Recalling that in our 
molecular motors the stable cis has the same helicity as the stable trans, but the opposite 
from unstable trans, cis 3.32a is expected to give a larger overall helix inversion upon 
irradiation respect to 3.32b. For this reason, the isomerization of 3.32a was further studied 
with circular dichroism. Racemic 3.32a was resolved using a Daicel Chiralcel AD-H 
column, using 99.5% heptane and 0.5% isopropanol as eluent. The first enantiomer eluted 
was used for CD measurements. A 1.6·10
-5 M solution in DCM was prepared, and used to 
measure a first CD spectrum (Figure 16). The sample was then irradiated at room 
temperature until the PSS was achieved. A neat inversion of the Cotton effect is clearly 
visible around 260 nm, showing the inversion of the helicity going from (P,P) cis 3.32a to 
(M,M) trans 3.32a as main product. Irradiating with light of wavelength of 420 nm and 
higher, led to a CD identical to the initial one, indicating the conversion of the trans back 
to the original cis (Figure 16). 
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Figure 16: CD spectra of 3.32a. Pure (R,R) cis 3.32a (thick line); at PSS with λ = 365 nm (thin line); at PSS 
after second irradiation with λ > 280 nm for reverse switching (dotted line). 
 
 
In order to determine which enantiomer was the one used for the described 
measurements, quantum mechanical calculations of the CD spectrum of (R,R)-(P,P) cis 
3.32a  were performed using the time-dependent DFT approach
33 at the B3-LYP 6-
31++G(d,p) level of theory
30,34 (Figure 17a) and compared with the experimental results 
(Figure 17c). From this comparison a clear similarity in the shape of the spectra can be 
seen (despite a red shift of the calculated spectrum, consistently with similar calculations 
shown in Chapter 2), suggesting that the first enantiomer eluted and used for the described 
CD measurements has the R,R absolute configuration. 
Furthermore, similar CD calculations were performed also on (R,R)-(M,M) unstable trans 
3.32a and on (R,R)-(P,P) stable trans 3.32a, and the obtained spectra were added together 
in a 83:17 ratio according to the results from the 
1H-NMR irradiation experiments, in order 
to simulate the CD spectrum at the PSS (Figure 17d). The resulting spectrum was 
compared with the experimental one (Figure 17b), and the similarities suggest once again 
that the absolute configuration of the first eluted enantiomer was R,R. 
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Figure 17: Experimental (1.6·10
-5 M in DCM) and calculated (TD-DFT B3-LYP 6-31++G(d,p) level) CD 
spectra of (R,R) cis 3.32a pure (a and c, respectively) and at the PSS (b and d, respectively). The units in the 
vertical scale of the calculated spectra are arbitrarly chosen to compare with the experimental ones. 
 
 
 
3.6  Study of the hydrogenated short-looped motor 
 
 
Compound 3.38 represents a loop of the same size as present in compound 3.32 (16 
membered), but with more flexibility due to the absence of the alkene moiety in the loop. 
Therefore its isomerization behavior could be expected to be different. Following 
molecular modeling to get insight in the global structure of the isomer, 
1H-NMR and 
UV/Vis measurements were performed to study the isomerization behavior of 3.38. 
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3.6.1  Molecular modeling 
 
In order to have a better insight in the structural properties of molecule 3.38, 
calculations were performed. The stable cis, unstable trans and stable trans isomers were 
modeled and optimized at the DFT B3-LYP 6-31G(d,p) level of theory using the Gaussian 
03W software package.
30 The results are shown in Figure 18a, b and c, respectively. All the 
optimized structures were verified to be an energy minimum by frequency analysis, where 
only positive normal modes were found in all cases. 
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Figure 18: DFT B3-LYP 6-31G(d,p) structures and Newman projections of 3.38: a) stable cis, b) unstable 
trans, c) stable trans (hydrogens omitted for clarity). 
 
 
Finally, the relative energies of the different conformations were calculated by 
thermochemical analysis at 25ºC. The obtained values after the zero point correction are 
reported in Figure 19. 
 
 
 
  143Chapter 3 
stable cis 
3.38
0.0
stable trans 
3.38
15.5
unstable trans 
3.38
16.7
0.0
5.0
10.0
15.0
20.0
25.0
30.0
r
e
l
a
t
i
v
e
 
e
n
e
r
g
y
 
(
k
J
/
m
o
l
)
 
 
Figure 19: Relative energies of stable cis, unstable trans and stable trans 3.38. 
 
 
 
3.6.2  
1H-NMR measurements 
 
In Figure 20a part of the 
1H-NMR spectrum of 3.38 in DCM-d2 at 25ºC is shown. 
COSY and NOESY measurements of the sample where also performed. The sample was 
then cooled at -75ºC, irradiated for 4 h at 365 nm and the spectral changes measured at -
50ºC (Figure 20b). The result of the irradiation of 3.38 is similar to what obtained for the 
irradiation of 3.32a (compare Figure 20b with Figure 12b). The starting molecule 
converted completely in a mixture of two new compounds, namely unstable trans 3.38 as 
main product, and stable trans 3.38 as secondary product (Scheme 21). Also the ratio, 
calculated on the basis of the 
1H-NMR integrals, is similar for 3.32a and 3.38: 84:16 
(83:17 for 3.32a). However, a different thermal behavior is observed for 3.38. While 3.32a 
did not show any thermal conversion after photoisomerization, 3.38 performed a reverse 
switching to the original cis isomer (Figure 20c) when warmed. The 
1H-NMR spectra 
shown in Figure 20b and Figure 20c, indeed, indicate that the unstable trans 3.38  can 
thermally convert back to the stable cis isomer 3.38. It should be noted that also reverse 
photochemical isomerization can take place (vide infra). Moreover, in Figure 20c also a 
small fraction of a new compound can be observed, the identity of which is not clarified 
yet. 
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Figure 20: 
1H NMR measurements of motor 3.38 in DCM-d2. a) stable cis at 25ºC. b) PSS after irradiation: 
mixture unstable/stable trans (84:16 ratio) at -50ºC. c) thermal step: stable cis with a small amount of 
unknown compound, 25ºC. 
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Scheme 21: Products of irradiation of cis 3.38: stable and unstable trans 3.38. 
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3.6.3  UV/Vis measurements 
 
The UV/Vis spectrum at -50ºC of a 1.4·10
-5 M solution in DCM of 3.38 is shown in 
Figure 21a; it shows a maximum absorption at 377 nm.  Subsequently, an irradiation at 365 
nm was started. The progress of the photoisomerization was followed acquiring spectra at 
distinct intervals, until the photostationary state (PSS) was reached and no more change 
was observed. The UV/Vis spectra are shown in Figure 21a. The presence of isosbestic 
points is clearly visible, indicating the absence of consecutive reactions. Moreover, a 
bathochromic shift is seen (new maximum at 412 nm), which is well known to be 
characteristic of unstable forms of these overcrowded alkenes
4. This is in agreement with 
the observation of the unstable trans 3.38 isomer in the 
1H-NMR experiments (vide supra), 
where the formation of unstable trans was observed after irradiation. The temperature was 
gradually increased, while acquiring spectra at distinct intervals of time (Figure 21b). In 
accordance with the 
1H-NMR experiments, a thermal rearrangement process was observed, 
which was complete after 50 min at 5ºC and which gave the cis isomer again. This is 
evident from the fact that the isosbestic points observed are the same as shown in Figure 
21a, and that the final spectrum is equivalent to the spectrum of cis 3.38 (Figure 21a).  
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Figure 21: UV/Vis irradiation experiment of 3.38 (1.4·10
-5 M solution in DCM). a) from pure cis to the PSS 
(-50ºC); b) thermal reconversion to cis (over a period of 1 h, with temperature increasing from -50 to 5ºC). 
 
 
To prove the reproducibility of this process, a second irradiation was performed on the 
same sample, and similar spectral changes were observed. In Figure 22 the UV/Vis spectra 
of the initial cis isomer and the products after the irradiations and after the thermal 
inversion steps during the two cycles are shown. It can be seen that the UV/Vis spectrum 
after the second irradiation is nearly identical to the UV/Vis spectrum after the first one, 
indicating that the same product is obtained again. Moreover, the UV/Vis spectrum after 
the second thermal step is nearly identical to the UV/Vis spectrum of the initial cis isomer, 
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just as the UV/Vis spectrum after the first thermal step was, indicating that the initial cis 
isomer is restored. Therefore, it is shown that consecutive isomerization cycles are possible.  
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Figure 22: Two consecutive cycles of 3.38 followed by UV/Vis spectroscopy (1.4·10
-5 M in DCM). 
 
 
Furthermore, another irradiation experiment was performed to follow the reverse 
photochemical switching of cis 3.38. A mercury lamp with a high-pass 420 nm filter was 
used to irradiate a sample of 3.38 at -50ºC after reaching the PSS with 365 nm irradiation. 
This choice was dictated by the fact that beyond 420 nm cis 3.38 has a very low ε (Figure 
21a), so the switching process from cis 3.38  to stable and unstable trans  3.38  can be 
minimized. The irradiation was followed acquiring spectra at distinct intervals of time, 
until the new PSS was reached. The final acquisition revealed a spectrum identical to the 
spectrum of the initial cis  3.38. Also the isosbestic points found in this irradiation 
experiment are at the same wavelengths  then those observed in reaching the PSS, 
confirming that we can reversibly switch the molecule back to its original configuration not 
only thermally, but also photochemically (Scheme 21). 
 
 
3.6.4 Conclusions 
 
Comparing the behavior of 3.38 with that of 3.32a and 3.32b, a number of conclusions 
can be drawn. The double bond in the loop of 3.32a and 3.32b limits the movement of the 
loop itself, due to its reduced flexibility. Moreover, as 3.32a and 3.32b have different 
configurations with respect to the double bond in the loop, their motor moieties are 
expected to present small differences in their geometries, which is confirmed by molecular 
modeling (see Figure 7, Figure 8 and Figure 9). In case of 3.38, the double bond has been 
hydrogenated, therefore the loop, albeit of the same size, is more flexible. This is expected 
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to affect the geometry of the molecule in a different way compared to 3.32a and 3.32b. 
However, calculations resulted in geometries of the motor moiety very similar to those 
obtained for 3.32a (see Figure 18), perhaps accounting for the similar results obtained in 
the photochemical experiments (similar stable trans/unstable trans ratio after irradiation of 
the cis isomer). 
 
Molecule 3.38 showed a different thermal behavior from 3.32a and 3.32b (thermal 
reverse switching observed for the first and not for the latter compound). In order to 
explain this difference, althought an exaustive rationalization can not be provided yet, few 
experimental evidences should be taken into account that show a strong effect of oxygen 
atoms on the central double bond of the motor unit. In particular: 1) long alkyl chains 
attached to the stereogenic centers do not alter the rotary behavior of the motor or its 
chemical stability (see ref. 8 and Chapter 2); 2) hydroxy groups in proximity of the central 
double bond anhance instability to chemical degradation of the molecule, expecially for the 
trans isomer (see structure 3.5); 3) when the hydroxy functionalities are further away from 
the central double bond the degradation is less pronounced (see Chapter 4); 4) when the 
hydroxy functionalities are converted in ether groups, the degradation is also reduced (see 
structure 3.30); 5) in compounds 3.32a and 3.32b the oxygens are prevented from their 
action on the central double bond because of the rigidity of the loop that severely limits 
their movements, and no significant degradation is observed. Finally, it can be noted that in 
molecule 3.38, where the loop is more flexible, the oxygens are no longer prevented from 
approaching the central double bond. Therefore, it can be reasoned that they can have a 
role in the thermal isomerization of 3.38 by electronic interactions with the central double 
bond and stabilizing the transition state of the isomerization process, making it possible to 
occur thermally. 
 
In every case a prevention of the full 360º rotation was observed. This has to be 
ascribed to geometrical constraints in the design of the molecules. In order for the motor to 
rotate, indeed, one of the naphthalene mojeties of the motor must pass through the loop, 
but this is not possible because of the too small size of the loops in structures 3.32a, 3.32b 
and  3.38. The molecules can therefore isomerize to the trans (mixture of stable and 
unstable), but can not continue with the rotation process in the same direction. 
 
 
 
3.7  Conclusions 
 
 
A functionalized molecular motor was successfully synthesised and used as a scaffold 
to produce structures and motors with novel topology. In particular, ether functionalities in 
the motor lacking the loop and two different sizes of loops (a large 32 membered one and a 
small 16 membered one) with ester functionalities were connected to the motor. The small 
looped motor was further hydrogenated to increase the flexibility of the loop. In order for 
the motor to achieve full rotation, one half of the motor moiety has to pass through the loop. 
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The experimental results showed that with the large loop this is possible, and the rotary 
function of the motor can still occur (molecular skipping rope). With the small loop, 
instead, the results showed that the full 360º rotation is prevented, as it stops after the 
photoisomerization (molecular straitjacket). The behavior is strongly dependent on the 
particular structure, but in every case the ability to switch back photochemically (and in 
one case also thermally) to the original cis configuration was observed, showing that small 
loop molecules can effectively work like photoswitches. 
 
 
 
3.8  Experimental section 
 
 
3.8.1  General remarks 
 
Preparative HPLC was performed on a Shimadzu HPLC system consisting of two LC-
20AT pumps, a DGU-20A3 degasser, an SIL-20AC-HT autosampler, a CTO-20AC column 
oven, an SPD-M20A photo diode array detetor, an FRC-10A fraction collector and a 
CBM-20A communication bus module. 
For other general informations, see general remarks  in the experimental section of 
Chapter 2. 
 
 
3.8.2  Computational details 
 
The Hyperchem v. 7.5 software package
28 was used for all the PM3
27 calculations and 
for all the molecular visualizations. For the DFT geometry optimizations, frequencies 
analysis and CD spectroscopic calculations,  the Gaussian W03 rev. B.03 software 
package
30 was used with the hybrid functional and basis set indicated in the text.  
Frequencies analysis performed on the DFT optimized structures gave only positive 
normal modes in all cases, demonstrating that the calculated structures were energy 
minima. The motor unit in 3.40 has been optimized at the minimum of energy. For the 
remaining part of the molecule (the loop), no conformational analysis was carried out, and 
the structure shown represents only a local minimum. 
For the ECD spectroscopic calculations, the time-dependent DFT approach
33 was 
employed on the DFT optimized structures to calculate the oscillator strengths. The first 30 
excited states were included. Subsequently, the CD spectra were simulated with the 
GaussSum v. 2.1 program.
35 
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Table 4: X-ray crystallographic data of 3.32b. 
 
formula (C36H36O2)2·C5H12 
formula weight (g/mol) 
  1073.51  
approx. crystal dimension (mm)  0.45 x 0.42 x 0.23 
colour, habit  yellow, block   
crystal system  triclinic  
space group, no.
36   P-1,  2     
a (Å)  14.097(2) 
b (Å) 14.473(2) 
c (Å)  17.283(2) 
V (Å)
3 3040.5(7) 
formula Z 2 
space group Z 2 
Z’ (= Formula Z / SpaceGroup Z) 1 
ρcalc (g/cm
3)  1.173 
temperature (K)  100(1) 
µ (cm
-1) 0.7 
number of reflections   10549 
number of refined parameters  685 
final agreement factors:   
wR(F
2) 0.2201 
R(F) 0.0742 
GooF 1.056 
 
 
 
 
 
 
 
Deprotected motor (3.5): tetrabutyl ammonium fluoride (TBAF) (3.5 ml of a 1 M solution 
in THF, 3.5 mmol) was added dropwise to an ice cold dry THF (20 ml) solution of 
protected motor 3.28 (471 mg, 0.70 mmol) under a nitrogen atmosphere. The solution was 
left warming to room temperature while stirring, during 3 h. The solvent was removed by 
rotary evaporation. A quick filtration on silica with ethyl acetate as eluent was performed 
in order to eliminate most of the impurities (Rf = 0.08 and 0.47 in toluene/ethyl acetate 1:1 
for cis and trans, respectively). Flash column chromatography on silica gel was performed 
to separate cis and trans isomers, but both isomers showed to be unstable on silica gel. 
Most of the cis isomer was lost because of its decomposition during column 
chromatography, and the trans could not be obtained pure at all. Pure cis 3.5 was isolated 
as a yellow solid (94.2 mg, 0.21 mmol, 30%). The yield of trans 3.5 was not calculated. 
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cis 3.5: 
1H NMR (400 MHz, CDCl3) δ ppm 7.70 (d, J = 8.17 Hz, 2H), 7.63 (d, J = 8.11 Hz, 
2H), 7.47 (d, J = 8.17 Hz, 2H), 6.95 (t, J = 7.54 Hz, 2H), 6.52 (d, J = 8.47 Hz, 2H), 6.35 (t, 
J = 7.65 Hz, 2H), 3.65 (t, J = 5.95 Hz, 2H), 3.59-3.45 (m, 2H), 2.85 (d, J = 14.64 Hz, 2H), 
1.82-1.63 (m, 2H), 1.58-1.41 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ ppm 143.9, 139.2, 
137.5, 132.2, 129.4, 128.5, 127.6, 126.5, 124.1, 123.3, 62.9, 47.5, 37.7, 30.8, 30.7.  
 
trans 3.5: 
1H NMR (400 MHz, CDCl3) δ ppm 8.24 (d, J = 8.05 Hz, 2H), 7.90 (d, J = 8.06 
Hz, 2H), 7.76 (d, J = 8.14 Hz, 2H), 7.52 (t, J = 7.57, 7.57 Hz, 2H), 7.46 (t, J = 7.48, 7.48 
Hz, 2H), 7.39 (d, J = 8.11 Hz, 2H), 3.60 (t, J = 6.49 Hz, 4H), 2.94-2.80 (m, 4H), 2.54 (d, J 
= 14.50 Hz, 2H), 2.16-2.04 (m, 2H), 1.64-1.49 (m, 2H), 1.49-1.33 (m, 4H). 
Due to the instability of this molecule, no further analysis for characterization were 
performed (for the characterization of protected versions of 3.5, vide infra). 
 
 
 
O
OH
 
 
2-(3-Hydroxypropyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (3.6):  
Method A:
20 a solution of ketone 3.25 (4 g, 18 mmol) in dry THF (80 ml) was prepared and 
kept under nitrogen while stirring. 9-BBN (46.8 ml of a 0.5 M solution, 23.4 mmol) was 
added slowly at 0ºC. The mixture was allowed to warm to room temperature over a period 
of 4 h, after which the temperature was decreased to 0ºC again. Slowly, ethanol (16 ml), 
NaOH (12.8 ml of a 3 M aq. solution, 12.8 mmol) and hydrogen peroxide (4 ml of a 30% 
aqueous solution) were added one after the other. After stirring for 5 min, the ice bath was 
removed, and the mixture was left stirring for 8 h. Brine (120 ml) was added, and the 
product was extracted 2x with 70 ml of ethyl acetate. The organic layers were combined 
and washed 3 times with 30 ml of brine. Further purification was achieved by flash column 
chromatography on silica gel, using a mixture of toluene and ethyl acetate 1:1 as eluent (Rf 
= 0.34). The product was isolated as a yellow oil (3.37 g, 14.0 mmol, 78%). 
Method B: to the crude 5-(benzyloxy)-2-(naphthalen-2-ylmethyl)pentanoyl chloride (3.16) 
obtained from 3.8, freshly distilled DCM (2 ml) was added. Aluminium chloride (38.7 mg, 
0.29 mmol) was added slowly at 0ºC, and the system was kept under a nitrogen atmosphere. 
After 2 h the reaction was quenched with sat. aq. NaHCO3 (2 ml), and the volatiles were 
eliminated by rotary evaporation. The mixture was extracted five times with 5 ml of Et2O. 
Further purification was achieved by flash column chromatography on silica gel using 
pentane with a gradient of 20 to 50% ethyl acetate as eluent (Rf = 0.28 in heptane/ethyl 
acetate 1:1). The product was obtained as a white solid (6 mg, 0.025 mmol, 9%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.12 (d, J = 8.39 Hz, 1H), 8.02 (d, J = 8.36 Hz, 1H), 
7.87 (d, J = 8.14 Hz, 1H), 7.65 (t, J = 7.64 Hz, 1H), 7.54 (t, J = 7.47 Hz, 1H), 7.48 (d, J = 
8.39 Hz, 1H), 3.71 (t, J = 6.29 Hz, 1H), 3.41 (dd, J = 17.59, 7.44 Hz, 1H), 2.90 (dd, J = 
17.59, 3.38 Hz, 1H), 2.85-2.75 (m, 1H), 2.31-1.88 (m, 2H), 1.85-1.53 (m, 2H). 
13C NMR 
  151Chapter 3 
(101 MHz, CDCl3) δ ppm 209.5, 156.9, 135.7, 132.5, 130.4, 129.3, 128.8, 128.8, 128.0, 
126.4, 123.8, 62.3, 47.2, 33.1, 30.1, 27.7. HRMS: calcd. for C16H16O2: 240.1150, found 
240.1156. 
 
 
 
 
5-(Benzyloxy)-2-(naphthalen-2-ylmethyl)pentanoic acid (3.8): ester  3.15 (1.56 g, 4.3 
mmol) was dissolved in THF (20 ml) and under stirring a solution of lithium hydroxide 
(550 mg, 23 mmol) in water (10 ml) was added. Methanol (20 ml) was added and the 
mixture stirred at 70ºC for 3 h. After cooling to room temperature, aq. 3 M HCl was added 
till pH 1. The mixture was extracted three times with 50 ml of Et2O; the organic layers 
were collected, dried with MgSO4 and filtered. The purity of the product was verified with 
TLC, using as eluent DCM/MeOH 98:2 (Rf = 0.41). The volatiles were removed by rotary 
evaporation, providing the product as a yellow oil (1.42 g, 3.9 mmol, 91%).  
1H NMR (400 MHz, CDCl3) δ ppm 7.83-7.73 (m, 3H), 7.63 (s, 1H), 7.48-7.41 (m, 2H), 
7.33-7.25 (m, 6H), 4.47 (s, 2H), 3.51-3.39 (m, 2H), 3.17 (dd, J = 13.57, 7.77 Hz, 1H), 2.92 
(dd, J = 13.78, 7.05 Hz, 1H), 2.86-2.77 (m, 1H), 1.80-1.58 (m, 4H).
 13C NMR (101 MHz, 
CDCl3) δ ppm 181.1, 136.4, 133.4, 132.2, 127.2-128.4 (11C), 125.9, 125.3, 72.8, 69.7, 
46.8, 38.2, 28.4, 27.2. HRMS: calcd. for C23H23O3 [M-H
+]
-: 347.16417, found 347.16403. 
 
 
 
  
5-(Benzyloxy)pentanoic acid (3.9):
11 CrO3 (33.5 g) was added portionwise to 33.5 ml of 
conc. H2SO4 stirred at 0ºC. Ice cold water (466 ml) was added slowly. Successively, 310 
ml of this solution (Jones reagent) were added dropwise, over a period of 20 min, to a 
solution of the mixture of mono (3.13) and diprotected diol from the previous reaction 
(27.7 g) in acetone (800 ml) stirred at 0ºC. The solution was allowed to warm to room 
temperature while stirring overnight. The acetone was removed in vacuum, and the 
resulting mixture was extracted three times with 300 ml of Et2O. The organic fractions 
were collected and extracted three times with 200 ml of sat. aq. Na2CO3 solution. The 
aqueous layers were collected and the solution was acidified with aq. 3 M HCl till pH 1. 
Subsequently, the mixture was extracted 3x with Et2O (300 ml). The organic layers were 
collected, dried over Na2SO4, filtered and the solvent removed by rotary evaporation. The 
product was obtained as a colorless oil (17.1 g, 0.082 mol, 96%). 
  152New topologies of molecular motors: motors with loops. A molecular skipping rope and a molecular 
straitjacket. 
 
1H NMR (300 MHz, CDCl3) δ ppm 7.45-7.36 (m, 5H), 4.61 (s, 2H) 3.60 (t, J = 5.7 Hz, 
2H), 2.49 (t, J = 6.9 Hz, 2H), 1.87-1.79 (m, 4H); 
13C NMR (101 MHz, CDCl3) δ ppm 
179.7, 138.3, 128.7, 127.6, 127.6, 72.9, 69.7, 33.7, 29.0, 21.5; HRMS: calcd. for C12H17O3: 
209.1177 (MH
+), found 209.1178. 
 
 
 
  
2-(Bromomethyl)naphthalene:
37 a solution of 2-methylnaphthalene (25 g, 176 mmol), 
NBS (31.3 g, 176 mmol) and dibenzoylperoxide (0.2 g, 0.8 mmol) in CCl4 (200 ml) was 
heated at reflux for 18 h. The cooled solution was filtered and the solvent removed under 
reduced pressure. The brown solid was absorbed on silica and eluted with pentane (Rf = 
0.4), to give the title compound as a white solid (26.3 g, 119 mmol, 68%). Alternatively, a 
recrystallization from pentane can also be performed, even if traces of succinamide were 
found to be more difficult to eliminate with this method. 
1H NMR (300 MHz, CDCl3) δ 4.68 (s, 2H), 7.48-7.53 (m, 3H), 7.81-7.86 (m, 4H).
 13C 
NMR (75 MHz, CDCl3) δ ppm 135.0, 133.1, 133.0, 128.7, 127.9, 127.8, 127.7, 126.7, 1.6, 
126.4, 34.1. 
 
 
 
  
(S)-4-Benzyl-3-((R)-5-(benzyloxy)-2-(naphthalen-2-ylmethyl)pentanoyl)oxazolidin-2-
one (3.10): diisopropylamine (DIPA) (0.29 ml, 2.2 mmol) was dissolved in freshly 
distilled THF (7.5 ml) stirring at -80ºC under a nitrogen atmosphere. n-Butyl lithium (1.37 
ml of a 1.6 M solution, 2.2 mmol) was added dropwise via a cannula. After a period of 10 
min, compound 3.13 (734 mg, 2.0 mmol) dissolved in freshly distilled THF (2.5 ml) was 
added dropwise. After 2 h stirring under a nitrogen atmosphere, allowing the system to 
warm till -30ºC, a solution of 2-(bromomethyl)naphthalene (531 mg, 2.4 mmol) in freshly 
distilled THF (2.4 ml) was added slowly at -80ºC via a cannula. The mixture was allowed 
to warm to room temperature overnight. Successively, the reaction was quenched with 
aqueous NH4Cl (3 ml) and the product was extracted three times with Et2O (20 ml); the 
collected organic layers were dried with MgSO4, filtered, and the solvent was removed 
under vacuum. Further purification was achieved by flash column chromatography on 
silica gel using pentane with a gradient of 2 to 25% ethyl acetate as eluent (Rf = 0.5 in 
pentane/ethyl acetate 80:20). The product was obtained as a yellow oil (0.43 g, 0.86 mmol, 
43%). 
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(S)-4-Benzyl-3-(5-(benzyloxy)pentanoyl)oxazolidin-2-one (3.11):
10 to a stirred solution 
of chiral auxiliary 3.12 (913 mg, 5.15 mmol) in freshly distilled THF (10 ml) at -80ºC n-
butyl lithium (3.22 ml of a 1.6 M solution, 5.15 mmol) was added dropwise. The resulting 
mixture was stirred for 10 min and 5-(benzyloxy)pentanoyl chloride (1.17 g, 5.15 mmol) 
was added in one portion. The mixture was allowed to warm to room temperature while 
stirring overnight. The reaction was quenched with sat. aq. NH4Cl (5 ml), and the product 
was extracted three times with 40 ml of diethylether. Further purification was achieved by 
flash column chromatography on silica gel, using as eluent a gradient of pentane/ethyl 
acetate 8:1 to pure ethyl acetate (Rf = 0.7 in pentane/ethyl acetate 4:1). The product was 
obtained as a very pale yellow oil (734 mg, 2.0 mmol, 39%). 
1H-NMR (300 MHz, CDCl3) δ ppm 1.65-1.83 (m, 4H), 2.77 (dd, lH), 2.95 (m, 2H), 3.3 
(dd, lH), 3.5 (t, 2H), 4.17 (m, 2H), 4.5 (s, 2H), 4.67 (m, lH), 7.18-7.39 (m, 10H). HRMS: 
Calculated for C22H26NO4 (MH
+): 368.1862, found 368.1854.  
 
 
 
 
5-(Benzyloxy)pentanoyl chloride:
10 acid 3.9 (1 g, 4.8 mmol) was dissolved in freshly 
distilled DCM (10 ml) and the solution cooled to 0ºC. To the stirred solution was added 
oxalylchloride (0.574 ml, 6.7 mmol), followed by one drop of DMF. The mixture was 
allowed to warm to room temperature while stirring under a nitrogen atmosphere for 2 h. 
The solvent was eliminated by rotary evaporation, and the product was immediately used 
in the next reaction. 
1H-NMR (300 MHz, CDCl3) δ ppm 1.52-1.61 (m, 2H), 1.63-1.81 (m, 2H), 2.81 (t, J = 7.2 
Hz, 2H), 3.4 (t, J = 6.0 Hz, 2H), 4.4 (s, 2H), 7.19-7.31 (m, 5H). 
 
 
 
OH O
  
5-(benzyloxy)pentan-1-ol (3.13):
10 to a solution of 1,5-pentanediol (22 ml, 0.21 mol) in 
freshly distilled THF (350 ml) NaH (55% in oil, 10g, 0.21 mol) was added over a period of 
20 min. The solution was then heated at reflux for 4.5 h. Benzylbromide (25 ml, 0.21 mol) 
was added, and the solution was heated at reflux for 24 h. Successively, the system was 
filtered, and the volatiles were eliminated by rotary evaporation. Diethylether (250 ml) was 
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added, and the solution was washed once with water (100 ml) to eliminate the residual 
pentanediol. The organic layer was dried over MgSO4, filtered, and the solvent was 
eliminated warming under reduced pressure. The product was obtained as a yellow oil 
(27.7g), and consisted in a mixture of mono and diprotected diol, in a ratio of 1:2. The 
yield of 3.13 was calculated to be 41% (0.086 mol). 
 
The mixture was used in the next reaction without further purification. 
1H-NMR (270 MHz, CDCl3) δ ppm 7.35-7.27 (m, 5H), 4.50 (s, 2H), 3.64 (m, 2H), 3.48 (t, 
J = 6 Hz, 2H), 1.68-1.37 (m, 6H); 
13C NMR (68 MHz, CDCl3) δ ppm 138.5, 128.3, 127.6, 
127.5, 72.9, 70.2, 62.8, 32.5, 29.4, 22.4. HRMS: calcd. for C12H18O2: 194.1307, found 
194.1302. 
 
 
 
 
Methyl 5-(benzyloxy)pentanoate (3.14): acid 3.9 (13.95 g, 67 mmol) was dissolved in 
methanol (200 ml), and 3 drops of fuming H2SO4 were added. The solution was heated at 
reflux for 18 h. After concentration under vacuum, sat. aq. NaHCO3 was added till neutral 
pH. The mixture was extracted three times with 200 ml of Et2O; the organic layers were 
collected, dried with MgSO4 and filtered. The solvent was removed by rotary evaporation, 
providing the pure product as a colorless oil (13.11 g, 59.0 mmol, 88%). 
lH NMR (400 MHz, CDCl3) δ ppm 7.58-7.27 (m, 5H), 4.46 (s, 2H), 3.59 (s, 3H), 3.42 (t, J 
= 6.1 Hz, 2H), 2.27 (t, J = 7.2 Hz, 2H), 1.69-1.53 (m, 4H); 
13C NMR (101 MHz, CDCl3) δ 
ppm 174.2, 138.7, 128.5, 127.8, 127.7, 73.1, 70.0, 51.7, 34.0, 29.3, 21.9. HRMS: calcd. for 
C13H18O3Na (MNa
+): 245.11536, found 245.11488. 
 
 
 
 
Methyl 5-(benzyloxy)-2-(naphthalen-2-ylmethyl)pentanoate (3.15): diisopropylamine 
(DIPA) (3.55 ml, 27 mmol) was dissolved in freshly distilled THF (200 ml) at -70ºC. n-
Butyl lithium (16.9 ml of a 1.6 M solution, 27 mmol) was added dropwise via a cannula. 
After a period of 15 min stirring under a nitrogen atmosphere at 0ºC, the solution was 
cooled down to -30ºC and a solution of ester 3.14 (4.95 g, 22.3 mmol) in freshly distilled 
THF (30 ml), was added dropwise. After 1 h stirring under a nitrogen atmosphere, 2-
(bromomethyl)naphthalene (6.41 g, 29 mmol) dissolved in freshly distilled THF (20 ml) 
was added slowly at -80ºC via a cannula. The mixture was allowed to warm up to room 
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temperature overnight. Subsequently, the reaction was quenched with aqueous NH4Cl and 
the product was extracted three times with 200 ml of Et2O; the organic layers were 
collected, dried with MgSO4 and filtered. Further purification was achieved by flash 
column chromatography on silica gel using heptane with a 0 to 5% ethyl acetate gradient as 
eluent (Rf = 0.33 in heptane/ethyl acetate 95:5). The product was collected as a pale yellow 
oil (5.3 g, 14.6 mmol, 65%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.84-7.75 (m, 3H), 7.61 (s, 1H), 7.49-7.41 (m, 2H), 
7.36-7.27 (m, 6H), 4.48 (s, 2H), 3.59 (s, 3H), 3.49-3.43 (m, 2H), 3.13 (dd, J = 13.59, 8.34 
Hz, 1H), 2.93 (dd, J = 13.59, 6.60 Hz, 1H), 2.85-2.76 (m, 1H), 1.83-1.56 (m, 4H); 
13C 
NMR (101 MHz, CDCl3) δ ppm 175.9, 136.7, 133.4, 132.1, 125.9, 127.2-128.4 (11C), 
125.3, 72.8, 69.8, 51.5, 47.3, 38.7, 28.7, 27.5; HRMS: calcd. for C24H27O3 (MH
+): 
363.19602, found 363.19516. 
 
 
 
O
O
Cl
  
5-(Benzyloxy)-2-(naphthalen-2-ylmethyl)pentanoyl chloride (3.16): to a stirred solution 
of acid 3.8 (100 mg, 0.29 mmol) in freshly distilled DCM (2 ml) at 0ºC was slowly added 
oxalylchloride (35 μl, 0.40 mmol), followed by 1 drop of DMF. The mixture was then 
stirred for 2 h under a nitrogen atmosphere, while it was allowed to warm to room 
temperature. The volatiles were removed by rotary evaporation, and the product was 
immediately used in the next step without further purification. 
 
 
 
O
O
  
3-(Naphthalen-2-ylmethyl)tetrahydro-2H-pyran-2-one (3.17): this product was obtained 
during attempts to isolate ketone 3.7. It was isolated as a white solid (Rf = 0.34 in 
heptane/ethyl acetate 80:20). Yield: 64%. 
m.p. = 98.6-99.2ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.85-7.76 (m, 3H), 7.65 (s, 1H), 
7.50-7.42 (m, 2H), 7.34 (dd, J = 8.40, 1.76 Hz, 1H), 4.35-4.22 (m, 2H), 3.53 (dd, J = 13.19, 
3.67 Hz, 1H), 2.94-2.78 (m, 2H), 1.97-1.73 (m, 3H), 1.60-1.51 (m, 1H). 
13C NMR (101 
MHz, CDCl3) δ ppm 174.0, 136.4, 133.4, 132.2, 128.2, 127.7, 127.6, 127.4, 127.3, 126.1, 
125.5, 68.6, 41.4, 37.3, 24.1, 21.9. HRMS: calcd. for C16H16O2Na (MNa
+): 263.10480, 
found 263.10425.  
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2-(3-(Tert-butyldimethylsilyloxy)propyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
one (3.18): a solution of alcohol 3.6 (3.36 g, 14 mmol), together with triethylamine (7 ml, 
50.4 mmol) and t-butyldimethylsilyl chloride (TBDMSCl) (3.8 g, 25.2 mmol) in dry DCM 
(10 ml) was stirred under a nitrogen atmosphere at room temperature overnight. The 
volume of solvent was reduced to about 50% by rotary evaporation. Water (30 ml) was 
added, and the mixture was extracted 3 times with 20 ml of ethyl acetate. Further 
purification was achieved by column chromatography on silica gel using toluene as eluent 
(Rf = 0.42). The product was isolated as a yellow oil (4.32 g, 12.2 mmol, 87%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.16 (d, J = 8.35 Hz, 1H), 8.00 (d, J = 8.38 Hz, 1H), 
7.86 (d, J = 8.11 Hz, 1H), 7.65 ( t, J = 7.62 Hz, 1H), 7.53 (t, J = 7.39 Hz, 1H), 7.47 (d, J = 
8.38 Hz, 1H), 3.81-3.56 (m, 2H), 3.37 (dd, J = 17.59, 7.44 Hz, 1H), 2.89 (dd, J = 17.59, 
3.32 Hz, 1H), 2.82-2.70 (m, 1H), 2.07 (dddd, J = 16.02, 13.08, 6.55, 3.46 Hz, 1H), 1.76-
1.64 (m, 2H), 1.64-1.51 (m, 1H), 0.91 (s, 9H), 0.07 (s, 6H). 
13C NMR (101 MHz, CDCl3) δ 
ppm 209.2, 156.8, 135.6, 132.6, 130.5, 129.4, 128.7, 128.0, 126.4, 123.9, 123.8, 63.0, 47.5, 
33.2, 30.5, 28.0, 25.9, 18.3, -5.4. HRMS: calcd. for C22H30O2Si: 354.2015, found 354.2010. 
 
 
 
 
Ethyl 1-oxo-2,3-dihydro-1H-cyclopenta[a]naphthalene-2-carboxylate (3.20): to a 
solution of acid 3.21 (100 mg) in freshly distilled DCM (2 ml) stirred at 0ºC, 
oxalylchloride (48 μl, 0.56 mmol) was added slowly, followed by 1 drop of DMF. The 
mixture was stirred at 0ºC for 2 h. The solvent was removed by rotary evaporation, and 
new freshly distilled DCM (4 ml) was added. AlCl3 (98.7 mg, 0.74 mmol) was added 
portionwise at 0ºC over a 15 min period. The mixture was allowed to warm to room 
temperature, and stirring was continued for 1 h. The reaction was quenched with sat. aq. 
NaHCO3 (1.5 ml), and the product was extracted three times with diethylether (5 ml). The 
organic layers were collected, dried with MgSO4, filtered, and the solvent was evaporated 
under vacuum. Further purification was achieved by flash column chromatography on 
silica gel, using pentane/ethyl acetate 95:5 as eluent (Rf = 0.68 in pentane/ethyl acetate 
80:20). The product was obtained as a yellow solid (48 mg, 19 mmol, 51%). 
m.p. = 88.0-88.5ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 9.09 (d, J = 8.37 Hz, 1H), 8.09 (d, 
J = 8.38 Hz, 1H), 7.91 (d, J = 8.16 Hz, 1H), 7.69 (ddd, J = 8.35, 6.97, 1.34 Hz, 1H), 7.58 
(ddd, J = 8.17, 6.96, 1.26 Hz, 1H), 7.55 (d, J = 8.40 Hz, 1H), 4.33-4.23 (m, 2H), 3.84 (dd, 
J = 7.85, 3.61 Hz, 1H), 3.65 (dd, J = 17.58, 3.58 Hz, 1H), 3.46 (dd, J = 17.60, 7.84 Hz, 
1H), 1.34 (t, J = 7.13 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ ppm 199.8, 169.3, 157.2, 
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136.6, 132.8, 129.5, 129.3, 129.2, 128.2, 126.8, 123.9, 123.6, 61.7, 53.8, 30.6, 14.2. HRMS: 
calcd. for C16H15O3 (MH
+): 255.10212, found 255.10157.  
 
 
 
O OH
O O
 
3-Ethoxy-2-(naphthalen-2-ylmethyl)-3-oxopropanoic acid (3.21):
13 diester 3.22 (5.7 g, 
19 mmol) was dissolved in EtOH (40 ml) and a solution of KOH (1.07 g, 19 mmol) in 
EtOH (20 ml) was added. The mixture was stirred overnight at room temperature and the 
solvent was subsequently removed by rotary evaporation. Water (30 ml) was added, and 
the residue was extracted four times with diethylether (60 ml). Successively, concentrated 
HCl was added to the water layer till pH 1, and the mixture was extracted four times with 
diethylether (60 ml). The organic layers were collected, dried with MgSO4, filtered, and the 
solvent was removed under vacuum. The product (Rf = 0.24 in pentane/ethyl acetate 1:1) 
was collected as a white solid (4.36 g, 16 mmol, 84%).
 
m.p. = 41.5-42.2ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.84-7.74 (m, 3H), 7.67 (s, 1H), 
7.50-7.42 (m, 2H), 7.34 (dd, J = 8.45, 1.69 Hz, 1H), 4.22-4.10 (m, 2H), 3.81 (t, J = 7.66 
Hz, 1H), 3.47-3.35 (m, 2H), 1.18 (t, J = 7.13 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ ppm 
174.8, 169.8, 135.9, 134.5, 133.4, 129.3, 128.7 (2C), 128.5, 128.0, 127.2, 126.7, 62.9, 54.4, 
35.9, 15.0. HRMS: calcd. for C16H17O4 (MH
+): 273.11268, found 273.11214.  
 
 
 
 
Diethyl 2-(naphthalen-2-ylmethyl)malonate (3.22):
13 metallic sodium (1.04 g, 45.2 
mmol) was added slowly in small pieces to freshly distilled ethanol (80 ml). Successively, 
diethylmalonate (7.58 ml, 49.7 mmol) was added and the solution was stirred for 1 h at 
50ºC. 2-(Bromomethyl)naphthalene (10 g, 45.2 mmol) was added slowly, and the mixture 
was stirred overnight at 50ºC. The solvent was removed by rotary evaporation, and 40 ml 
of water were added. The mixture was extracted three times with 50 ml of Et2O. The 
organic fractions were collected, dried with MgSO4, filtered, and the solvent was removed 
under vacuum. Several flash chromatographic separations using silica gel and heptane with 
a gradient of 50 to 100% of toluene as eluent (Rf = 0.26 in toluene) were necessary to 
remove the product of the double alkylation. Distillation (100ºC, 0.4 mbar) was used to 
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eliminate the residual unreacted diethylmalonate. The pure product was finally obtained as 
a yellow oil (5.8 g, 19.3 mmol, 43%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.80 (d, J = 6.73 Hz, 1H), 7.77 (d, J = 8.81 Hz, 2H), 
7.67 (s, 1H), 7.49-7.41 (m, 2H), 7.34 (dd, J = 8.45, 1.74 Hz, 1H), 4.23-4.09 (m, 4H), 3.75 
(t, J = 7.81 Hz, 1H), 3.39 (d, J = 7.80 Hz, 2H), 1.20 (t, J = 7.13 Hz, 6H). 
13C NMR (101 
MHz, CDCl3) δ ppm 168.8, 135.4, 133.4, 132.3, 128.1, 127.6, 127.6, 127.4, 127.1, 126.0, 
125. 6, 61.5, 53.8, 34.8, 14.0. HRMS: calcd. for C18H21O4 (MH
+): 301.14398, found 
301.14344. 
 
 
 
O O
O O
 
3-Ethoxy-2-(naphthalen-2-ylmethyl)-3-oxopropanoic acid: this molecule was obtained 
as side product from the reaction to provide 3.22. Yellow viscous oil. 
1H NMR (400 MHz, CDCl3) δ ppm 7.89-7.80 (m, 6H), 7.72 (s, 2H), 7.54-7.47 (m, 4H), 
7.38 (dd, J = 8.45, 1.79 Hz, 2H), 4.19 (q, J = 7.15 Hz, 4H), 3.51 (s, 4H), 1.19 (t, J = 7.15 
Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ ppm 171.0, 133.8, 133.2, 132.3, 129.0, 128.2, 
127.6, 127.5, 127.5, 125.9, 125.6, 61.3, 60.2, 39.4, 13.2. HRMS: calcd. for C29H29O4 
(MH
+): 441.20658, found 441.20604. 
 
 
 
 
 
(3-Bromopropoxy)(tert-butyl)dimethylsilane (3.23):
14 to a stirred solution of 3-bromo-1-
propanol (0.88 ml, 10 mmol) in freshly distilled DCM (5 ml) stirring at 0ºC, TBSCl (3.3 g, 
22 mmol) was added, followed by triethylamine (6.11 ml, 44 mmol) and DMAP (122 mg, 
1 mmol). The mixture was allowed to warm to room temperature overnight. The reaction 
was quenched with sat. aq. NH4Cl (4 ml), and the product was extracted three times with 
10 ml of DCM. The organic layers were collected, dried with MgSO4, filtered, and the 
solvent was removed under vacuum. The product was filtered on silica gel using pentane as 
eluent, and was finally collected as a pale yellow oil (1.73 g, 6.7 mmol, 66%). 
1H NMR (400 MHz, CDCl3) δ ppm 3.73 (t, J = 5.70 Hz, 2H), 3.52 (t, J = 6.44 Hz, 2H), 
2.08-1.98 (m, 2H), 0.90 (s, 9H), 0.07 (s, 6H). 
13C NMR (101 MHz, CDCl3) δ ppm 60.4, 
35.5, 30.7, 25.9, 18.3, -5.4. 
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tert-Butyl(3-iodopropoxy)dimethylsilane (3.24):
15 compound  3.23  (1.65 g, 6.4 mmol) 
was dissolved in acetone (20 ml), and sodium iodide (9.6 g, 64 mmol) was added while 
stirring. The mixture was heated at reflux for 4 h. Successively, the reaction was quenched 
with sat. aq. Na2S2O3, and the product was extracted four times with 30 ml of diethylether. 
The organic layers were collected, dried with MgSO4, filtered, and the solvent was 
removed under vacuum. The product was collected as a yellow oil (1.8 g, 6.0 mmol, 94%).
 
1H NMR (400 MHz, CDCl3) δ ppm 3.67 (t, J = 5.68 Hz, 2H), 3.28 (t, J = 6.69 Hz, 2H), 
1.99 (tt, J = 6.68, 5.68 Hz, 2H), 0.89 (s, 9H), 0.07 (s, 6H). 
13C NMR (101 MHz, CDCl3) δ 
ppm 62.3, 36.1, 25.9, 18.3, 3.8, -5.3. 
 
 
 
 
2-allyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (3.25): diisopropylamine (3.97 
ml, 30,2 mmol) was dissolved in dry THF (100 ml). The mixture was kept under nitrogen. 
n-Butyl lithium (18.87 ml of a 1.6 M hexane solution, 30.2 mmol) was added dropwise at -
80ºC with stirring. The temperature was raised till 0ºC for 20 min, then decreased again to 
-60ºC. Ketone 3.26 (5 g, 27.4 mmol) was added portionwise. The mixture was stirred for 2 
h; during this time the temperature reached -20ºC at the maximum. Subsequently, the 
solution was added dropwise via a cannula into a solution of allylbromide (23.88 ml, 274 
mmol) in dry THF (20 ml) and HMPA (20 ml) at 45ºC. The solution was stirred at 45ºC 
overnight. The reaction was quenched with sat. aq. NH4Cl (40 ml), and extracted three 
times with 120 ml of ethyl acetate. Three successive chromatographic columns on silica 
gel were performed using as eluent heptane with 1 to 5% ethyl acetate gradient (Rf = 0.42 
in heptane 5% ethyl acetate). The product was isolated as white solid (3.29 g, 14.8 mmol, 
54%). 
m.p. = 72.8-72.9ºC. 
1H NMR (400 MHz, CDCl3)δ ppm 9.16 (d, J = 8.36 Hz, 1H), 8.04 (d, 
J = 8.38 Hz, 1H), 7.89 (d, J = 8.15 Hz, 1H), 7.67 (t, J = 7.69 Hz, 1H), 7.55 (t, J = 7.55 Hz, 
1H), 7.50 (d, J = 8.38 Hz, 1H), 5.85 (m, 1H), 5.15 (d, J = 17.05 Hz, 1H), 5.06 (d, J = 
10.16 Hz, 1H), 3.36 (dd, J = 17.68, 7.40 Hz, 1H), 2.95 (dd, J = 17.69, 3.32 Hz, 1H), 2.92-
2.83 (m, 1H), 2.83-2.72 (m, 1H), 2.43-2.23 (m, 1H). 
13C NMR (101 MHz, CDCl3) δ ppm 
208.5, 156.9, 135.8, 135.6, 132.6, 130.5, 129.4, 128.8, 128.0, 126.5, 123.9, 123.9, 116.8, 
46.9, 35.8, 32.4. HRMS: calcd. for C16H14O: 222.1045 (M
+), found 222.1072. Elem. anal. 
(%): calcd. for C16H14O: C, 86.45; H, 6.35; found C, 86.48; H, 6.32.  
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2,2-Diallyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one: this compound was isolated 
as a side product in the reaction to produce 3.25. White solid; Rf = 0.56 in heptane 5% 
ethyl acetate. 
m.p. = 73.0-73.6ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 9.17 (d, J = 8.33 Hz, 1H), 8.04 (d, 
J = 8.37 Hz, 1H), 7.89 (d, J = 8.12 Hz, 1H), 7.68 (t, J = 7.62 Hz, 1H), 7.55 (t, J = 7.53 Hz, 
1H), 7.48 (d, J = 8.36 Hz, 1H), 5.84-5.44 (m, 1H), 5.09 (d, J = 16.79 Hz, 1H), 4.96 (d, J = 
10.08 Hz, 1H), 3.11 (s, 1H), 2.54 (dd, J = 13.61, 6.37 Hz, 1H), 2.38 (dd, J = 13.60, 8.31 
Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ ppm 210.4, 156.3, 135.9, 133.5, 132.7, 130.6, 
129.3, 128.9, 128.1, 126.5, 124.1, 123.8, 118.4, 52.4, 41.9, 36.3. HRMS: calcd. for 
C19H18ONa (MNa
+): 285.1255, found 285.1247.  
 
 
 
O
 
2,3-Dihydro-1H-cyclopenta[a]naphthalen-1-one (3.26):
19  compound  3.27 (32 g, 147 
mmol) was poured onto concentrated sulfuric acid (150 ml) while stirring over a period of 
30 min. The mixture was allowed to warm to 90ºC for 2 h. Subsequently, the reaction 
mixture was poured onto ice, and extracted 4 times with 80 ml of DCM. After removal of 
the volatiles under vacuum, the residual brown oil was purified by flash column 
chromatography on silica gel, using toluene as eluent (Rf = 0.21). The product was isolated 
as a yellow solid (16.1 g, 88 mmol, 60%). Further purification was achieved by 
recrystallization from ethyl acetate/heptane. The pure compound was obained as yellow 
needles.  
The spectroscopic data were in agreement with the data reported in literature
38. 
m.p. = 105.0-105.2ºC. 
lH NMR (400 MHz, CDCl3) δ ppm 2.80 (m, 2H), 3.21 (m, 2H), 7.51 
(d, J = 8.5 Hz, 1H), 7.54 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H), 7.65 (ddd, J = 8.3, 6.9, 1.3 Hz, 
1H), 7.88 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 8.4 Hz, 1H), 9.16 (d, J = 8.5 Hz, 1H); 
13C NMR 
(101 MHz, CDCl3) δ ppm 207.6, 158.5, 135.7, 132.5, 131.0, 129.4, 128.9, 128.1, 126.6, 
124.1, 124.0, 36.9, 26.2; IR (neat) v 3055, 3030, 2924, 2861, 1692 cm
-l; HRMS: calcd. for 
C13H10O (MH
+): 182.0732 , found 182.0739.  
 
 
 
 
3-chloro-1-(naphthalen-1-yl)propan-1-one (3.27):
18 a stirred slurry of AlCl3 (70 g, 0.52 
mol) in freshly distilled DCM (600 ml) was cooled to 0ºC with an ice bath. 3-Chloro 
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propionyl chloride (40 ml, 0.42 mol) was added, where upon the AlCl3 dissolved 
completely. Subsequently, naphthalene (51.5 g, 0.40 mol) was added portionwise over a 
period of half an hour. When the addition was completed, the ice bath was removed, and 
the solution was allowed to stir overnight. The solvent was removed by rotary evaporation, 
and the residual brown oil was purified by flash column chromatography on silica gel 
using as eluent a mixture of heptane and 5% of ethyl acetate (Rf = 0.30). The product was 
obtained as a yellow oil, and used for the next reaction without further purification (72 g, 
0.329 mol, 82%). 
1H NMR (500 MHz, CDCl3) δ ppm 3.51 (t, J = 6.6 Hz, 2H), 3.97 (t, J = 6.6 Hz, 2H), 7.49 
(dd, J = 7.3, 8.2 Hz, 1H), 7.53 (ddd, J = 1.2, 6.9, 8.1 Hz, 1H), 7.59 (ddd, J = 1.4, 6.7, 8.7 
Hz, 1H), 7.86 (d, J = 7.6 Hz, 2H), 7.99 (d, J = 8.2 Hz, 1H), 8.66 (d, J = 8.2 Hz, 1H). 
13C 
NMR (126 MHz, CDCl3) δ ppm 39.3, 44.4, 124.5, 125.9, 126.8, 128.2, 128.4, 128.6, 130.2, 
133.5, 134.1, 135.1, 200.6. IR (neat): 3050 (w), 2968 (w), 1682 (s), 1593 (m), 1573 (m), 
1508 (s), 1337 (s), 1236 (s), 1099 (s), 944 (m), 801 (s), 776 (s) cm
-1. HRMS: calcd. for 
C13H11ClO (MH
+): 218.0498, found 218.0495. 
 
 
 
 
TBDMS-protected motor (3.28): titanium tetrachloride (1.96 ml, 17.8 mmol) was added 
dropwise to a suspension of zinc powder (2.32 g, 35.5 mmol) in 100 ml of dry THF under 
vigorous stirring at 0ºC. After refluxing for 2 h, ketone 3.18 (3.15 g, 8.88 mmol) in dry 
THF (30 ml) was added, and the solution was heated at reflux overnight. The reaction was 
quenched with sat. aq. NH4Cl (30 ml), and the mixture was extracted 4 times with 80 ml of 
ethyl acetate. The organic layers were collected, dried with MgSO4, filtered, and the 
solvent was removed under vacuum. Further purification was achieved by column 
chromatography on silica gel using heptane with a 0 to 80% toluene gradient as eluent (Rf 
= 0.32 in toluene/heptane 1:1)
39. The cis and the trans isomers were formed in a 1:1 ratio 
(
1H-NMR analysis), isolated together as a viscous yellow oil, leading to a total yield of 
65% (1.95 g, 2.88 mmol). 
1H NMR (400 MHz, CDCl3) δ ppm (mixture of cis and trans) 8.25 (d, J = 8.27 Hz, 2H), 
7.90 (d, J = 8.17 Hz, 2H), 7.75 (d, J = 8.18 Hz, 2H), 7.69 (d, J = 8.19 Hz, 2H), 7.63 (d, J 
= 8.17 Hz, 2H), 7.52 (t, J = 7.53 Hz, 2H), 7.50-7.41 (m, 4H), 7.37 (d, J = 8.11 Hz, 2H), 
6.95 (t, J = 7.48 Hz, 2H), 6.53 (d, J = 8.44 Hz, 2H), 6.34 (t, J = 7.71 Hz, 2H), 3.82-3.19 
(m, 12H), 2.99-2.72 (m, 6H), 2.54 (d, J = 14.39 Hz, 2H), 2.22-1.90 (m, 2H), 1.78-1.58 (m, 
4H), 1.61-1.45 (m, 4H), 0.87 (s, 18H), 0.01 (s, 12H). 
13C NMR (101 MHz, CDCl3) δ ppm 
(mixture of cis and trans) 144.1, 141.9, 140.8, 139.4, 139.3, 137.7, 133.0, 132.2, 129.9, 
129.5, 128.4, 128.4, 127.8, 127.6, 126.7, 126.2, 125.4, 124.6, 124.0, 124.0, 123.3, 63.5, 
63.2, 48.3, 47.7, 37.9, 37.8, 32.3, 31.3, 30.8, 30.2, 26.0, 25.9, -5.2. HRMS: calcd. for 
C44H60O2Si2: 676.4132, found 676.4155. 
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Bis-methyether motor (3.30): compound trans 3.5b (50 mg, 0.11 mmol) (from the purest 
fraction obtained) was dissolved in freshly distilled THF (3 ml), and cooled at 0ºC with 
stirring. Next, NaH (50% suspension in oil, 37 mg, 0.77 mmol) was added portionwise. 
The solution was allowed to warm up to room temperature over a period of 3 h. Then 
iodomethane (274 μl, 4.4 mmol) was added. The solution was stirred overnight. On the 
basis of thin liquid chromatography (TLC) analysis (Rf = 0.58 in heptane/ethyl acetate 
80:20), the conversion was quantitative. The reaction was quenched with 3 ml of sat. aq. 
NH4Cl, and the mixture was extracted three times with 10 ml of ethyl acetate. The organic 
layers were collected, dried with MgSO4, filtered, and the solvent was removed under 
vacuum. The product was collected as a white solid (52 mg, 0.11 mmol, quant.). 
Further purification can be achieved with crystallization from ethyl acetate/heptane. 
Purification by flash column chromatography on silica gel failed: the product could never 
be recovered pure,  because of degradation on the stationary phase.  
1H NMR (400 MHz, CDCl3) δ ppm 8.25 (d, J = 8.25 Hz, 2H), 7.89 (d, J = 8.14 Hz, 2H), 
7.75 (d, J = 8.16 Hz, 2H), 7.52 (t, J = 6.96 Hz, 2H), 7.45 (t, J = 7.86 Hz, 2H), 7.38 (d, J = 
8.14 Hz, 2H), 3.32 (t, J = 6.50 Hz, 4H), 3.29 (s, 6H), 2.87 (m, 4H), 2.53 (d, J = 14.40 Hz, 
2H), 2.15-2.00 (m, 2H), 1.65-1.46 (m, 2H), 1.46-1.35 (m, 4H). 
1H NMR (400 MHz, 
benzene-d6) δ ppm 8.47 (d, J = 8.32 Hz, 2H), 7.76 (d, J = 7.90 Hz, 2H), 7.59 (d, J = 8.16 
Hz, 2H), 7.54 (t, J = 7.62, 7.62 Hz, 2H), 7.33 (t, J = 7.70 Hz, 2H), 7.19 (d, J = 8.16 Hz, 
2H), 3.20-3.12 (m, 4H), 3.10 (s, 6H), 2.98 (dd, J = 9.32, 5.42 Hz, 2H), 2.70 (dd, J = 14.98, 
5.31 Hz, 2H), 2.34 (d, J = 15.03 Hz, 2H), 2.29-2.18 (m, 2H), 1.70-1.53 (m, 2H), 1.41-1.53 
(m, 4H). 
1H NMR (500 MHz, toluene-d8) δ ppm 8.41 (d, J = 8.19 Hz, 2H), 7.72 (d, J = 
8.21 Hz, 2H), 7.56 (d, J = 8.11 Hz, 2H), 7.52 (t, J = 7.47 Hz, 2H), 7.31 (t, J = 7.48 Hz, 
2H), 7.18 (d, J = 7.87 Hz, 2H), 3.19-3.00 (m, 6H), 3.11 (s, 6H), 2.92 (dd, J = 10.25, 5.03 
Hz, 2H), 2.72-2.65 (m, 2H), 2.35 (d, J = 15.02 Hz, 2H), 2.25-2.15 (m, 4H), 2.06-1.98 (m, 
2H). 
13C NMR (101 MHz, benzene-d6) δ ppm 142.1, 141.2, 139.7, 133.7, 130.5, 128.8, 
126.8, 125.8, 124.8, 124.2, 73.0, 58.2, 48.8, 37.9, 31.3, 30.0, 29.5. HRMS: calcd. for 
C34H36O2: 476.2715, found 476.2729. 
 
 
 
 
Diallyl motor (3.31): deprotected motor cis 3.5a (50 mg, 0.11 mmol) was dissolved in dry 
THF (4 ml). After cooling with an ice bath, NaH 50% in oil (31.7 mg, 0.66 mmol) was 
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added portionwise while stirring. The ice bath was removed after 15 min, and the stirring 
was continued for further 45 min. During this period the color of the solution changed from 
yellow to green. To this solution, allylbromide (191 µl, 2.2 mmol) diluted in dry THF (1 ml) 
was added dropwise at 0ºC. The solution was then allowed to warm to room temperature 
and the stirring was continued overnight. The reaction was quenched with 1 ml of sat. aq. 
NH4Cl, and the product and the residual starting material were extracted three times with 7 
ml of ethyl acetate. The organic layers were collected, dried with MgSO4, filtered, and the 
solvent was eliminated under vacuum. TLC analysis showed that the residual oil consisted 
of a mixture of diallyl motor 3.31, monoallyl motor, and starting material 3.5a. For this 
reason, the same reaction was performed another two times on the residual oil. Further 
purification was achieved by column chromatography on silica gel using a gradient from 1 
to 5% of ethyl acetate in toluene as eluent. The product was obtained as a yellow solid 
(46.5 mg 0.088 mmol, 80%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.70 (d, J = 8.17 Hz, 2H), 7.64 (d, J = 8.18 Hz, 2H), 
7.47 (d, J = 8.13 Hz, 2H), 6.95 (t, J = 7.46 Hz, 2H), 6.52 (d, J = 8.46 Hz, 2H), 6.44-6.25 
(m, 2H), 5.98-5.81 (m, 2H), 5.24 (d, J = 17.23 Hz, 2H), 5.15 (d, J = 10.38 Hz, 2H), 3.93 (d, 
J = 4.74 Hz, 4H), 3.51 (dd, J = 10.86, 6.48 Hz, 4H), 3.46-3.35 (m, 4H), 2.84 (d, J = 14.69 
Hz, 2H), 1.93-1.62 (m, 6H), 1.56-1.39 (m, 2H). 
13C NMR (101 MHz, CDCl3) δppm 144.0, 
139.2, 137.6, 134.9, 134.9, 132.2, 129.5, 128.4, 127.6, 126.6, 124.0, 123.3, 116.7, 71.8, 
70.6, 47.8, 37.9, 31.283, 28.072. HRMS: calcd. for C38H40O2: 528.3028, found 528.3009. 
 
 
 
 
Small looped motor (3.32): compound 3.31 (20 mg, 0.038 mmol) was dissolved in dry 
DCM (40 ml). Separately, 1
st generation Grubbs catalyst (1.5 mg, 5 mol%) was dissolved 
in dry DCM (5 ml). Both solution were degassed by freeze-pump-thaw technique for three 
times; subsequently, they were mixed together and heated at reflux overnight with stirring. 
By TLC analysis (10% ethyl acetate in toluene), a quantitative conversion was observed. 
After elimination of the volatiles, the two isomers that result from the metathesis were 
separated by preparative HPLC (Econosphere column, 0.4% IPA in heptane; flow: 1.6 
ml/min; 50ºC). Furthermore, the first isomer eluted was resolved with preparative HPLC 
(AD-H column, 0.5% IPA in heptane; flow: 0.5 ml/min; 40ºC). 
 
First compound eluted (3.32a): 
1H NMR (500 MHz, CDCl3) δ ppm 7.72 (d, J = 8.16 Hz, 
2H), 7.66 (d, J = 8.12 Hz, 2H), 7.50 (d, J = 8.16 Hz, 2H), 6.98 (t, J = 7.40 Hz, 2H), 6.55 
(d, J = 8.46 Hz, 2H), 6.37 (t, J = 7.56 Hz, 2H), 5.89-5.97 (m, 2H), 4.28 (dd, J = 12.47, 
6.37 Hz, 2H), 4.18 (dd, J = 12.48, 5.87 Hz, 2H), 3.94-3.69 (m, 2H), 3.57 (dd, J = 8.76, 
3.44 Hz, 2H), 3.52-3.36 (m, 4H), 2.92 (d, J = 14.95 Hz, 2H), 1.95-1.68 (m, 6H), 1.57-1.43 
(m, 2H).
 1H NMR (500 MHz, DCM-d2) δ ppm 7.71 (d, J = 8.11 Hz, 2H), 7.64 (d, J = 8.38 
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Hz, 2H), 7.50 (d, J = 8.17 Hz, 2H), 6.94 (t, J = 7.07 Hz, 2H), 6.55 (d, J = 8.48 Hz, 2H), 
6.34 (t, J = 7.46 Hz, 2H), 5.89-5.82 (m, 2H), 4.22 (dd, J = 12.43, 6.56 Hz, 2H), 4.11 (dd, J 
= 12.40, 6.07 Hz, 2H), 3.79-3.71 (m, 2H), 3.55-3.48 (m, 2H), 3.47-3.37 (m, 4H), 2.91 (d, J 
= 14.66 Hz, 2H), 1.86-1.64 (m, 4H), 1.34-1.46 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 
ppm 143.8, 139.4, 137.4, 132.2, 130.5, 129.5, 128.5, 127.6, 126.6, 124.1, 123.4, 69.8, 65.0, 
45.9, 36.4, 30.4, 26.3. HRMS: calcd. for C36H36O2Na (MNa
+): 523.2613, found 523.2603. 
Mass spectrometry analysis did not show any evidence of dimer. 
 
Second compound eluted (3.32b): 
1H NMR (500 MHz, CDCl3) δ ppm 7.70 (d, J = 8.16 Hz, 
2H), 7.63 (d, J = 8.13 Hz, 2H), 7.48 (d, J = 8.16 Hz, 2H), 6.95 (t, J = 7.08 Hz, 2H), 6.51 
(d, J = 8.45 Hz, 2H), 6.34 (t, J = 7.67 Hz, 2H), 5.96-5.86 (m, 2H), 4.33-4.22 (m, 2H), 
4.05-3.97 (m, 2H), 3.71 (dt, J = 9.58, 5.73 Hz, 2H), 3.55-3.40 (m, 4H), 3.40-3.32 (m, 2H), 
2.89 (d, J = 15.21 Hz, 2H), 1.90-1.68 (m, 4H), 1.63-1.53 (m, 4H), 1.53-1.39 (m, 2H). 
1H 
NMR (500 MHz, DCM-d2) δ ppm 7.70 (d, J = 8.17 Hz, 2H), 7.64 (d, J = 8.10 Hz, 2H), 
7.49 (d, J = 8.18 Hz, 2H), 6.93 (t, J = 7.02 Hz, 2H), 6.51 (d, J = 8.46 Hz, 2H), 6.31 (t, J = 
7.13 Hz, 2H), 5.85-5.81 (m, 2H), 4.29 (d, J = 12.37 Hz, 2H), 3.91-3.82 (m, 2H), 3.74-3.66 
(m, 2H), 3.41 (dd, J = 15.40, 5.64 Hz, 2H), 3.29-3.18 (m, 4H), 2.87 (d, J = 15.28 Hz, 2H), 
1.82-1.59 (m, 4H), 1.51-1.39 (m, 2H), 1.27-1.38 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 
ppm 143.7, 139.2, 137.5, 132.2, 132.1, 129.5, 128.5, 127.6, 126.6, 124.1, 123.4, 71.5, 69.6, 
46.8, 37.2, 30.1, 27.0. HRMS: calcd. for C36H36O2Na (MNa
+): 523.2613, found 523.2603. 
Mass spectrometry analysis did not show any evidence of dimer. 
 
 
 
O
OH
 
2-Allyl-2-(3-hydroxypropyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (3.35): 
this molecule was obtained while trying to synthesize 3.33. Alcohol 3.6 (350 mg, 1.46 
mmol) was dissolved in freshly distilled THF (20 ml). Subsequently, NaH (50% in oil, 70 
mg, 1.46 mmol) was added portionwise at 0ºC while stirring. The mixture was allowed to 
warm to room temperature, and stirring was continued for 1 h. Allylbromide (140 μl, 1.61 
mmol) was added at 0ºC. The mixture was allowed to warm to room temperature; stirring 
was continued overnight, followed by quenching with water. Most of the volatiles were 
eliminated by rotary evaporation, and the product was extracted three times with 25 ml of 
ethyl acetate, the organic layers were collected, dried with MgSO4, filtered, and the solvent 
was eliminated under vacuum. Further purification was achieved by flash column 
chromatography on silica gel, using as eluent heptane/ethyl acetate with a gradient of 90:10 
to 50:50 (Rf = 0.40 in heptane/ethyl acetate 50:50). The product was obtained as yellow 
solid (337 mg, 1.2 mmol, 82%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.14 (d, J = 8.36 Hz, 1H), 8.03 (d, J = 8.38 Hz, 1H), 
7.87 (d, J = 8.17 Hz, 1H), 7.65 (t, J = 7.73 Hz, 1H), 7.54 (t, J = 7.59 Hz, 1H), 7.47 (d, J = 
8.38 Hz, 1H), 5.62 (dddd, J = 16.76, 10.04, 8.24, 6.45 Hz, 1H), 5.07 (dd, J = 17.17, 1.69 
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Hz, 1H), 4.97-4.92 (m, 1H), 3.59-3.46 (m, 2H), 3.10 (dd, J = 44.99, 17.89 Hz, 2H), 2.48 
(dd, J = 13.60, 6.45 Hz, 1H), 2.36 (dd, J = 13.61, 8.25 Hz, 1H), 1.97 (s, 1H), 1.81 (ddd, J 
= 13.30, 11.92, 5.05 Hz, 1H), 1.71 (ddd, J = 13.37, 12.07, 4.49 Hz, 1H), 1.53-1.41 (m, 1H), 
1.35 (m, 1H). 
13C NMR (101 MHz, CDCl3) δ ppm 211.2, 156.4, 136.0, 133.5, 132.6, 130.6, 
129.2, 128.9, 128.1, 126.5, 123.9, 123.8, 118.3, 62.7, 52.2, 42.2, 36.8, 33.5, 27.5. HRMS: 
calcd. for C19H20O2: 280.1463, found 280.1468. 
 
 
 
 
2-Allyl-2-(3-(allyloxy)propyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one:  this 
molecule was obtained while trying to synthesize 3.33. See procedure for 3.35; when 20 
equivalents of allylbromide were used, the yield of this product was 51%. (Rf = 0.23 in 
heptane/ethyl acetate 50:50). 
1H NMR (400 MHz, CDCl3) δ ppm 9.18 (d, J = 7.23 Hz, 1H), 8.02 (d, J = 8.37 Hz, 1H), 
7.86 (d, J = 8.14 Hz, 1H), 7.65 (t, J = 7.60 Hz, 1H), 7.53 (t, J = 7.54 Hz, 1H), 7.49-7.44 
(m, 1H), 5.91-5.78 (m, 1H), 5.64 (dddd, J = 16.66, 10.07, 8.26, 6.43 Hz, 1H), 5.21 (d, J = 
17.23 Hz, 1H), 5.15-5.05 (m, 2H), 4.95 (d, J = 10.13 Hz, 1H), 3.89 (d, J = 5.60 Hz, 2H), 
3.35 (t, J = 6.53 Hz, 2H), 3.11 (dd, J = 41.95, 17.86 Hz, 2H), 2.51 (dd, J = 13.60, 6.40 Hz, 
1H), 2.37 (dd, J = 13.60, 8.28 Hz, 1H), 1.87-1.67 (m, 2H), 1.35-1.58 (m, 2H); 
13C NMR 
(101 MHz, CDCl3) δ ppm 210.8, 156.2, 135.8, 134.7, 134.7, 133.6, 132.6, 129.2, 128.7, 
128.0, 126.4, 123.9, 123.7, 118.2, 116.6, 71.6, 70.2, 52.2, 42.0, 36.9, 34.0, 24.6. MS: calcd. 
for C22H24O2: 320.18, found 320.0 (only low resolution analysis was performed). 
 
 
 
  
(E)-3',4',6',9'-Tetrahydro-2'H-spiro[cyclopenta[a]naphthalene-2,5'-oxonin]-1(3H)-one 
(3.36): this molecule was obtained while trying to prepare 3.34; one of the procedures was 
as follows. Alcohol 3.6 (30 mg, 0.125 mmol) was added to a 0.3 M solution of NaOH (0.42 
ml) while stirring, and THF was added until it was dissolved completely (about 0.4 ml 
required). (E)-1,4-dibromo-2-butene (13.37 mg, 0.0625 mmol) was added, and the reaction 
was continued overnight. Water (1 ml) was added, and the mixture was extracted three 
times with 3 ml of diethylether. The organic layers were collected, dried with MgSO4, 
filtered, and the solvent was evaporated under vacuum. Further purification was achieved 
by flash column chromatography on silica gel, using as eluent a gradient of toluene/ethyl 
acetate from 90:10 to 60:40.  
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1H NMR (400 MHz, CDCl3) δ ppm 9.13 (d, J = 8.32 Hz, 1H), 8.06 (d, J = 8.42 Hz, 1H), 
7.90 (d, J = 7.65 Hz, 1H), 7.68 (t, J = 7.66 Hz, 1H), 7.57 (t, J = 7.56 Hz, 1H), 7.50 (d, J = 
8.34 Hz, 1H), 5.78 (td, J = 15.06, 7.52 Hz, 1H), 5.62 (td, J = 14.98, 7.76 Hz, 1H), 3.86-
3.71 (m, 2H), 3.62-3.50 (m, 2H), 3.20-3.01 (m, 2H), 2.50 (dd, J = 13.70, 6.80 Hz, 1H), 
2.39 (dd, J = 13.74, 8.19 Hz, 1H), 1.87-1.77 (m, 1H), 1.76-1.67 (m, 1H), 1.52-1.42 (m, 
1H), 1.42-1.32 (m, 1H). 
13C NMR (101 MHz, CDCl3) δ ppm 210.6, 156.2, 136.2, 132.8, 
131.0, 130.5, 130.1, 129.3, 129.0, 128.1, 126.6, 124.0, 123.8, 62.9, 52.4, 40.3, 37.1, 33.5, 
32.5, 27.5. MS: calcd. for C20H20O2: 292.1, found 292.1 (only low resolution analysis was 
performed). 
 
 
 
  
3-(1-Oxo-2,3-dihydro-1H-cyclopenta[a]naphthalen-2-yl)propyl 4-methylbenzene 
sulfonate (3.37): ketone 3.6 (233 mg, 0.97 mmol) was dissolved in freshly distilled THF 
(5 ml) to which NaOH (58 mg, 1.45 mmol) and tosylchloride (276 mg, 1.45 mmol) were 
added while stirring. The solution was stirred overnight at room temperature, and 
successively it was poured onto ice and the product extracted three times with 10 ml of  
DCM, the organic phase dried with Na2SO4, filtered, and the solvent removed in vacuum. 
Further purification was achieved by flash column chromatography on silica gel using as 
eluent toluene with a gradient of 2 to 50% ethyl acetate (Rf = 0.38 in toluene/ethyl acetate 
95:5; Rf = 0.68 in toluene/ethyl acetate 80:20). The product was obtained as a yellow oil 
(200 mg, 0.51 mmol, 52%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.10 (d, J = 8.33 Hz, 1H), 8.03 (d, J = 8.39 Hz, 1H), 
7.88 (d, J = 7.90 Hz, 1H), 7.78 (d, J = 8.34 Hz, 2H), 7.65 (t, J = 7.72 Hz, 1H), 7.55 (t, J = 
7.55 Hz, 1H), 7.47 (d, J = 8.35 Hz, 1H), 7.32 (d, J = 8.52 Hz, 2H), 4.17-4.01 (m, 2H), 3.37 
(dd, J = 17.53, 7.50 Hz, 1H), 2.82 (dd, J = 17.56, 3.41 Hz, 1H), 2.73-2.65 (m, 1H), 2.42 (s, 
3H), 2.02-1.91 (m, 1H), 1.90-1.79 (m, 2H), 1.65-1.53 (m, 1H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 208.5, 156.6, 144.7, 135.9, 132.9, 132.6, 130.3, 129.8, 129.3, 128.9, 128.1, 
127.8, 126.6, 123.8, 123.8, 70.3, 46.8, 33.1, 27.6, 26.6, 21.5. HRMS: calcd. for C23H22O4S: 
394.1239, found 394.1222 
 
 
 
 
Allyltosylate:
23 allylalcohol (4.075 ml, 60 ml) and tosylchloride (13 g, 72 mmol) were 
dissolved in freshly distilled diethylether (85 ml) and cooled at -40ºC with stirring. 
Successively, powdered NaOH (9 g, 225 mmol) was added over a period of 10 min while 
the system was kept under a nitrogen atmosphere. The temperature was allowed to slowly 
increase to 0ºC, and the system was left into an ice bath for 1 h. Subsequently the ice bath 
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was removed, and stirring was continued at room temperature overnight. The solution was 
then poured into 40 ml of an ice-water mixture. The organic phase was separated, washed 
two times with 20 ml of ice-water, dried with Na2SO4 and filtered. Next, the ether was 
removed at reduced pressure at 0ºC. The product was obtained as a light oil (11.56 g, 54.4 
mmol, 90%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.75 (d, J = 8.35 Hz, 2H), 7.31 (d, J = 8.57 Hz, 2H), 
5.77 (tdd, J = 17.10, 10.36, 5.92, 5.92 Hz, 1H), 5.24 (dd, J = 29.27, 13.77 Hz, 2H), 4.48 (d, 
J = 5.93 Hz, 2H), 2.40 (s, 3H); 
13C NMR (101 MHz, CDCl3) δ ppm 144.7, 132.9, 130.0, 
129.7, 127.6, 120.0, 70.6, 21.4. HRMS: calcd. for C10H12O3S: 212.05070, found 212.05147. 
 
 
 
   
(Z)-But-2-ene-1,4-diyl bis(4-methylbenzenesulfonate):
23 (Z)-2-butene-1,4-diol (4.08 ml, 
60 mmol) was dissolved in freshly distilled diethylether (85 ml) to which NaOH (9 g, 225 
mmol) and toluene-4-sulphonyl chloride (13 g, 72 mmol) were added at -60ºC while 
stirring. The solution was allowed to warm to room temperature overnight. The reaction 
mixture was poured onto ice and the product extracted three times with 30 ml of 
diethylether, the organic phase dried with Na2SO4, filtered, and the solvent removed in 
vacuum. The product was obtained as a yellow oil (11.96 g, 56.3 mmol, 94%).  
1H NMR (400 MHz, CDCl3) δ ppm 7.72 (d, J = 8.30 Hz, 4H), 7.32 (d, J = 8.49 Hz, 4H), 
5.64 (t, J = 4.06 Hz, 2H), 4.50 (d, J = 4.64 Hz, 4H), 2.42 (s, 6H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 145.0, 132.5, 129.8, 127.6, 127.4, 64.7, 21.5. HRMS: calcd. for C18H20O6S2: 
396.0701, found 396.0702. 
 
 
 
O
O
CCl3
NH
CCl3
NH
  
(Z)-But-2-ene-1,4-diyl bis(2,2,2-trichloroacetimidate):
24 (Z)-but-2-ene-1,4-diol (500 mg, 
5.67 mmol) were diluted in freshly distilled THF (5.5 ml), to which NaH (50% suspension 
in oil, 27.4 mg, 0.57 mmol) was added portionwise while stirring. The mixture was stirred 
at room temperature for 0.5 h, then cooled at -20ºC. Subsequently, trichloroacetonitrile (1.8 
g, 12.47 mmol) was added in one portion, and the mixture was allowed to warm up to 
room temperature and stirred overnight. The volatiles were eliminated by rotary 
evaporation; a solution of 1% methanol in pentane (10 ml) was added, and the system was 
stirred at room temperature for 15 min. Subsequently, the mixture was filtered on celite, 
and the solvent was removed under vacuum. The product was obtained as a yellow oil 
(2.13 g, 5.65 mmol, quant.). 
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1H NMR (400 MHz, CDCl3) δ ppm 8.36 (s, 2H), 5.94 (t, J = 3.85 Hz, 2H), 4.96 (d, J = 
4.05 Hz, 4H). 
13C NMR (101 MHz, CDCl3) δ ppm 162.3, 127.9, 91.2, 64.9. 
 
 
 
O
HO
O OH
  
2,2'-(But-2-ene-1,4-diyl)bis(2-(3-hydroxypropyl)-2,3-dihydro-1H-cyclopenta 
[a]naphthalen-1-one): this molecule was obtained while trying to synthesize 3.34; one of 
the procedures was as follows. Alcohol 3.6 (200 mg, 0.83 mmol) was dissolved in freshly 
distilled THF (10 ml). Subsequently, NaH (50% in oil, 40 mg, 0.83 mmol) was added 
portionwise at 0ºC while stirring. The mixture was allowed to warm to room temperature, 
and stirring was continued for 1 h. (E)-1,4-dibromo-2-butene (87.7 mg, 0.41 mmol) was 
added at 0ºC. Next, the mixture was allowed to warm to room temperature, stirred 
overnight, and quenched with 15 ml of water. Most of the volatiles were eliminated by 
rotary evaporation, and the mixture was extracted three times with 20 ml of ethyl acetate, 
the organic layers were collected, dried with MgSO4, filtered, and the solvent was 
evaporated under vacuum. Further purification was achieved by flash column 
chromatography on silica gel, using a gradient of toluene/ethyl acetate from 100:0 to 0:100 
as eluent (Rf = 0.10 in toluene/ethyl acetate 50:50). The product was obtained as a yellow 
solid (57 mg, 0.11 mmol, 26%). 
The 
1H NMR appears to have a more complex fine structure than the previous molecule, 
presumably due to the presence of a mixture of homochiral and heterochiral molecules. In 
accordance with this assumption, in the 
13C NMR almost all the peaks are double. 
1H NMR 
(400 MHz, CDCl3) δ ppm 9.16-9.06 (m, 2H), 8.04-7.98 (m, 2H), 7.88 (d, J = 8.10 Hz, 2H), 
7.69-7.61 (m, 2H), 7.58-7.51 (m, 2H), 7.33-7.28 (m, 2H), 5.43-5.36 (m, 2H), 3.57-3.35 (m, 
4H), 2.97-2.72 (m, 4H), 2.31-2.16 (m, 4H), 1.88-1.49 (m, 6H), 1.42-1.17 (m, 4H). 
13C 
NMR (101 MHz, CDCl3) δ ppm 211.3, 211.2, 156.4, 156.3, 135.9, 135.8, 132.6, 130.5, 
129.3, 129.2, 129.1, 129.1, 128.9, 128.9, 128.1, 128.1, 126.5, 123.9, 123.8, 123.7, 62.7, 
62.6, 52.5, 52.4, 40.8, 40.7, 37.1, 36.9, 33.1, 33.1, 27.4, 27.3. HRMS: calcd. for C36H36O4: 
532.2614, found 532.2605. 
 
 
 
  
Hydrogenated small loop motor (3.38): motor 3.32 (as a mixture of 3.32a and 3.32b as 
obtained from the synthesis) (11 mg, 0.022 mmol) and Wilkinson’s catalyst (3 mg, 15 
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mol%) were dissolved in freshly dry toluene (2 ml). The solution was degassed three times 
with freeze-pump-thaw technique. Subsequently, a hydrogen balloon was connected to the 
system, and the solution was saturated with H2 using again the freeze-pump-thaw 
technique three times. The mixture was then stirred at room temperature for 1 d. The 
product was purified by flash column chromatography on silica gel using heptane/ethyl 
acetate 97:3 as eluent (Rf = 0.29 in heptane/ethyl acetate 95:5; Rf = 0.53 in heptane/ethyl 
acetate 90:10; Rf = 0.61 in toluene/ethyl acetate 90:10). The product was obtained as a 
yellow solid (2 mg, 0.004 mmol, 18%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.68 (d, J = 8.17 Hz, 2H), 7.62 (d, J = 7.70 Hz, 2H), 
7.47 (d, J = 8.15 Hz, 2H), 6.94 (t, J = 7.31 Hz, 2H), 6.53 (d, J = 8.51 Hz, 2H), 6.34 (t, J = 
7.40 Hz, 2H), 3.72-3.42 (m, 12H), 2.93 (d, J = 15.44 Hz, 2H), 1.98-1.87 (m, 2H), 1.87-
1.72 (m, 6H), 1.72-1.61 (m, 2H), 1.50-1.36 (m, 2H); 
13C NMR (101 MHz, CDCl3) δ ppm 
143.9, 139.7, 137.8, 132.1, 129.6, 128.3, 127.6, 126.6, 124.0, 123.0, 124.4, 70.8, 69.3, 47.3, 
36.6, 31.3, 26.7, 25.9. HRMS: calcd. for C36H38O2: 502.2872, found 502.2863. 
 
 
 
    
Undecenyl motor (3.39): motor cis  3.5a (50 mg, 0.11 mmol) and 4-
dimethylaminopyridine (122.2 mg, 1.0 mmol) were added to dry DCM (3.5 ml) under a 
nitrogen atmosphere. The mixture was then cooled in an ice bath. Next, 10-undecenyl 
chloride (190 µl, 0.88 mmol) was added slowly. The solution was allowed to stir overnight, 
gradually warming to ambient temperature, and the volatiles were removed by rotary 
evaporation. The product was purified performing repeated flash column chromatography 
on silica gel, using DCM as eluent (Rf = 0.64) (85 mg, 0.109 mmol, 98%). 
 
The same reaction was performed with trans 3.5b, notwithstanding the low purity of the 
motor. The product was characterized via NMR; the results were compared with trans 3.40 
obtained after the photoisomerization of cis 3.40. Even if the solvents used are different 
(C6D6 for 3.39 and toluene-d8 for 3.40), similarities between the two spectra are observed 
clearly. Purification was achieved by flash column chromatography on silica gel, using as 
eluent a mixture of heptane and toluene in a 1:1 ratio. Moreover, in order to reduce the 
decomposition of the product, 1% TEA was added to the eluent. 
 
cis: 
1H NMR (400 MHz, CDCl3) δ ppm 7.72 (d, J = 8.18 Hz, 2H), 7.65 (d, J = 8.10 Hz, 
2H), 7.49 (d, J = 8.18 Hz, 2H), 6.96 (t, J = 7.49 Hz, 2H), 6.51 (d, J = 8.41 Hz, 2H), 6.36 (t, 
J = 7.64 Hz, 2H), 6.03-5.62 (m, 2H), 5.01 (d, J = 17.14 Hz, 4H), 4.95 (d, J = 10.17 Hz, 
4H), 4.23-3.83 (m, 4H), 3.61-3.42 (m, 2H), 2.85 (d, J = 14.64 Hz, 4H), 2.24 (t, J = 7.58 Hz, 
4H), 2.10-1.99 (m, 4H), 1.91-1.25 (m, 32H). 
13C NMR (101 MHz, CDCl3) δ ppm 173.8, 
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143.8, 139.1, 139.0, 137.4, 132.2, 129.4, 128.6, 127.6, 126.5, 124.1, 124.1, 123.2, 114.1, 
64.3, 47.6, 37.9, 34.3, 33.7, 31.0, 29.2, 29.1, 29.1, 29.0, 28.8, 27.0, 24.9. HRMS: calcd. for 
C54H68O4Na (MNa
+): 803.5009, found 803.5044. 
 
trans: 
1H NMR (400 MHz, C6D6) δ ppm 8.40 (d, J = 8.40 Hz, 2H), 7.77 (d, J = 8.15 Hz, 
2H), 7.64-7.54 (m, 4H), 7.37 (t, J = 7.49 Hz, 2H), 7.19 (d, J = 8.15 Hz, 2H), 5.84-5.72 (m, 
2H), 5.01 (dd, J = 18.16, 13.65 Hz, 4H), 4.04-3.89 (m, 4H), 2.92 (dd, J = 10.34, 5.31 Hz, 
2H), 2.67 (dd, J = 15.05, 5.31 Hz, 2H), 2.26 (d, J = 15.12 Hz, 2H), 2.13 (t, J = 7.52 Hz, 
4H), 1.96 (dd, J = 14.40, 6.99 Hz, 4H), 1.67-1.05 (m, 32H). 
13C NMR (101 MHz, C6D6) δ 
ppm 173.0, 142.1, 141.1, 139.5, 139.2, 133.9, 130.6, 129.1, 128.6, 126.7, 125.9, 125.3, 
124.4, 114.5, 64.6, 48.6, 37.9, 34.4, 34.2, 31.1, 29.6, 29.6, 29.4, 29.4, 29.3, 28.5, 25.3. MS: 
calcd. for C54H68O4: 780.5, found 780.5. 
 
 
 
  
 
Large loop motor (3.40): motor cis  3.39 (75 mg, 0.096 mmol) was added to freshly 
distilled DCM (150 ml). Separately, 1
st generation Grubbs catalyst (4 mg, 5 mol%) was 
dissolved in freshly distilled DCM (3 ml). Both solution were degassed by freeze-pump-
thaw technique for three times; afterwards, they were mixed together and the resulting 
solution was stirred at room temperature for 3 d. Subsequently, about 2 ml of methanol 
were added, the volatiles were removed by rotary evaporation. The product was purified by 
flash column chromatography on silica gel, using a mixture of toluene and DCM 1:1 as 
eluent (Rf = 0.24) to provide pure 3.40 (64.3 mg, 0.085 mmol, 89%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.71 (d, J = 8.17 Hz, 2H), 7.64 (d, J = 8.11 Hz, 2H), 
7.48 (d, J = 8.17 Hz, 2H), 6.96 (t, J = 7.52 Hz, 2H), 6.51 (d, J = 8.51 Hz, 2H), 6.35 (t, J = 
7.80 Hz, 2H), 5.45-5.31 (m, 2H), 4.18-3.90 (m, 4H), 3.66-3.32 (m, 4H), 2.84 (d, J = 14.62 
Hz, 2H), 2.42-2.17 (m, 4H), 2.14-1.92 (m, 4H), 1.91-1.12 (m, 32H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 173.8, 143.8, 139.1, 137.4, 132.2, 130.5, 130.0, 129.4, 128.6, 127.6, 126.5, 
124.2, 123.3, 64.3, 47.5, 37.8, 34.4, 32.3, 30.8, 29.2, 29.1, 29.1, 29.0, 28.4, 27.0, 25.0. 
HRMS: calcd. for C52H65O4: 753.4877, found 753.4901. Mass spectrometry analysis did 
not show any evidence of dimer. 
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CHAPTER 4 
 
 
DIMERS OF MOLECULAR MOTORS IN A 
MACROCYCLIC AND LINEAR TOPOLOGY 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On a first generation molecular motor, two terminal double bonds are installed. 
The obtained structure is then used to provide a linear dimer and a cyclic dimer by 
alkene metathesis. The isomerization processes of both dimers are studied and 
compared with those of the monomer. Important differences in the photochemical 
isomerizations are observed. 
 
 
 
 
 
 
 
 
Parts of this chapter will be submitted for publication: G. Caroli, B. L. Feringa, manuscript 
in preparation. 
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4.1  Introduction 
 
 
Light driven molecular motors are chromophores that make use of energy in the form 
of light to perform unidirectional rotation around their central double bond which functions 
as an axis of rotation. In particular, the two photochemical steps in the four step rotary 
cycle comprise a cis/trans isomerization. This process can be strongly influenced by the 
presence of other chromophores next to the motor unit, which can affect the 
photostationary state (PSS) between the trans and the cis isomers.
1,2  
Therefore, in order to use molecular motors in more complex matrixes for future 
applications, it is undoubtedly important to study the effects of a given chromophore on the 
performance of the motor. It can also be expected that in a future molecular device, several 
motor molecules have to act in concert. Therefore a number of motor moieties will have to 
stay in close proximity. Typical examples are several motor molecules combined in a 
larger structure,
3 assembled on surfaces,
4 or polymer-based motors.
5 For this reason, it is 
important to test the photochemical behavior of molecular motors when two motor units 
are forced to stay close enough that they have the possibility to interact with each other. 
In this chapter, the synthesis of two topologies of dimers of motors, one linear and one 
cyclic, is presented. In the linear dimer, the two motor moieties are forced to stay in close 
proximity and, possibly, to interact with each other, unlike monomers would do. In the 
cyclic dimer, the averaged distance between the two motor units is even lower, and a 
stronger effect can be expected (Figure 1). 
Moreover, photochemical isomerization experiments are performed in order to verify how 
the forced proximity of the motors affects their PSS.  
 
 
 
motor 
motor 
 
 
motor  motor   
 
 
linear dimer  cyclic dimer   
 
Figure 1: Linear dimer and cyclic dimer of motors presented in this chapter. In the cyclic dimer, on average, 
the two motor moieties are closer than in the linear dimer. 
 
 
 
4.2  Synthesis 
 
 
In the previous chapter, the synthesis of a functionalized molecular motor as a scaffold 
to build more complex structures was presented. However, a successful synthetic path was 
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only achieved for a racemic motor. The full 360º rotation in a typical molecular motor 
consists of four isomerization steps. Each of these steps occurs with an inversion in helicity, 
which is particularly easy to be followed by circular dichroism (CD), which adds proof 
(beside NMR) of unidirectional behavior. Therefore, the possibility to synthesize a motor 
in an enantiopure fashion is attractive.
6 In chapter 3 it is shown that the synthetic approach 
to the enantiopure motor failed, because at a certain point in the synthesis, a quick 
cyclization of the deprotected 3.16 yielded the unwanted lactone 3.17. Moreover, motor 3.5 
(addressed hereafter as 4.2, Chart 1), in particular the trans isomer, showed tendency to 
degradate during the purification, and it could not be obtained pure. Considering that motor 
4.1 (Chart 1), functionalized with simple alkyl chains at the stereogenic centers, did not 
show the same tendency to degradate (see ref. 7 and chapter 2), the reason of the 
unstability of motor 4.2 seems to be due to the proximity of the oxygens to the central 
double bond. 
In this chapter, the synthesis of a modified version 4.3 of the functionalized motor 4.2 
is presented (Chart 1).  
 
 
 
4.2    4.3  4.1 
 
Chart 1: In motor 4.3 the hydroxyl groups are three additional carbons away from the central double bond 
compared to motor 4.2. This is expected to enhance stability, as motor 4.1 is stable under purification 
conditions. 
 
 
In motor 4.3 the two hydroxyl groups are more distant from the central double bond 
with respect to 4.2; therefore less degradation of the molecule is expected. Moreover, in the 
synthesis, the problem encountered with molecule 3.16 (formation of a lactone rather then 
the desired ketone) is also expected to be solved, as in this case the cyclization to a lactone 
would lead to a 9-membered ring, which is energetically unfavourable, leaving the 
possibility of an asymmetric synthesis with Evans’ chiral auxiliary analogous to the one 
described in Chapter 3 (Scheme 2). 
 
 
4.2.1  Retrosynthesis 
 
In Scheme 1 the retrosynthesis of motor 4.3 is shown. Motor 4.3 can be obtained via a 
McMurry coupling of ketone 4.4, after suitable protection of the hydroxyl group, a 
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functionality which is incompatible with this reaction. Ketone 4.4 can be formed with an 
intramolecular Friedel-Crafts acylation from acid 4.5, which is expected to lead to a ring 
closure selectively on the more reactive α position of the naphthalene. Acid 4.5 can be 
obtained using the easily accessible 2-(bromomethyl)-naphthalene for an α-alkylation of 
the corresponding ester of acid 4.6, which can be obtained after monoprotection and 
successively oxidation of the commercially available 1,8-octanediol. 
 
 
 
   
4.4  4.3 
4.5  4.6 
 
Scheme 1: Retrosynthesis of the racemic functionalized motor 4.2. 
 
 
An asymmetric synthesis of 4.5 can be easily designed which makes use of the Evans’ 
chiral auxiliary 4.9
8 and leading to (R)-4.5 (Scheme 2). The chiral auxiliary can be used in 
combination with the acid 4.6 to provide 4.8. An enantioselective α-alkylation with 2-
(bromomethyl)-naphthalene leads to 4.7, which gives (R)-4.5 after cleavage of the chiral 
auxiliary. The remaining of the synthetic route follows as suggested in Scheme 1. However, 
in this chapter, only the racemic synthesis is presented, as the enantioselective route was 
not considerd necessary at the time of this project. 
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Scheme 2: Retrosynthesis for the (R)-enantiomer of motor key building block 4.5 using the Evans’ chiral 
auxiliary method. 
 
 
4.2.2  Synthesis 
 
The synthetic route to racemic 4.3 is shown in Scheme 3. A benzyl monoprotection of 
1,8-octanediol was performed by the conversion of the diol with 1 equivalent of NaH and 1 
equivalent of benzylbromide. As expected, the result was a statistic mixture of the starting 
material, the desired monoprotected product 4.10 and the diprotected product in an 
approximately 1:2:1 ratio. The yield of 4.10 was 48%. The starting material could easily be 
separated via aqueous extraction. The mono and the diprotected products, instead, being 
more difficult and time consuming to separate, were used together for the next step, 
namely an oxidation with Jones reagent. This was possible because this oxidation was 
expected to convert alcohol 4.10 into acid 4.6, but not to affect the diprotected product, 
which was successively separated from acid 4.6 with common acid base extraction. In this 
way acid 4.6 was obtained quantitatively. After conversion into the methylester 4.11, an α-
alkylation with 2-(bromomethyl)-naphthalene was performed, using freshly prepared 
lithium diisopropylamide (LDA), to provide 4.12 in 54% yield. Basic hydrolysis of the 
ester led to acid 4.5 in high yield. The carboxylic acid group was activated with 
oxalylchloride to form the acylchloride, which was immediately treated with aluminium 
trichloride. This resulted not only in the ring closure, but also in a complete deprotection of 
the benzyl group. The next reaction to be performed is the McMurry coupling, which 
requires the hydroxyl groups to be protected. The benzyl group, being sensitive to Lewis 
acids,
9 is not suitable, and at this point during the synthesis needs to be replaced. The best 
candidate is the t-butyldimetylsilyl group (TBDMS or TBS), which is expected to be more 
difficult to cleave in the presence of Lewis acids,
9 and has indeed already been tested in 
similar transformations (see chapter 3 and ref. 10). The use of TBS from the beginning of 
the synthesis does not look appealing because of the high cost of the reagent. After the 
ketone 4.5 was protected with TBS, the McMurry coupling was performed. A mixture of 
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cis and trans isomers of 4.14 was obtained. After purification a total yield of 4.14 of 56% 
resulted, with a trans/cis ratio of 88:12. 
 
 
 
1. NaH
2.
Br
THF
48%
CrO3
acetone
72%
H2SO4
MeOH
quant.
1. LDA
2.
THF
54%
NaOH
H2O/THF/MeOH
1. Oxalylchloride
2. AlCl3
DCM
92%
TBSCl, TEA
DCM
76%
TiCl4,Z n
THF
56%
quant.
Br
OH
HO O
OH
O
OH O
O
O O
O O
O
O OH
O
O
OH
TBSO
OTBS
O
OTBS OTBS
OTBS +
trans/cis = 88/12  
4.6  4.10 
4.4  4.5 
4.11  4.12 
4.13  trans 4.14    cis 4.14 
 
Scheme 3: Synthesis of protected motor 4.14. 
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Scheme 4: Preparation of 4.3. 
 
 
Deprotection of the hydroxy groups by meant of tetrabutyl ammonium fluoride (TBAF) 
followed, leading to the deprotected motor 4.3 (Scheme 4). After deprotection,  trans and 
cis isomers were isolated in 36% and 11% yield, respectively. Comparing this synthetic 
path with the analogous reported in Chapter 3, two improvement can be noticed. When the 
carboxylic acid 3.8 reacts with oxalylchloride to activate the carboxylic group and 
aluminum chloride is used straight after, rather than giving the ring closing to the ketone, 
the hydroxyl group is deprotected from the benzyl group and a lactone is formed for 
intramolecular reaction with the activated carboxylic group. (see Chapter 3). The formation 
of this lactone is particularly fast because it is an energetically stable six membered ring. 
For acid 4.5, instead, even if the cleavage of the benzyl group is still faster then the Friedel-
Crafts acylation, the lactonization is not: in this case, indeed, the lactone would be a nine 
membered ring, which is unfavorable due to its strain, and ketone 4.4 is obtained in high 
yield. Moreover, motor 3.5 showed to be not stable under purification conditions, 
expecially the trans isomer, which could not be obtained pure. Motor 4.3, albeit still not 
highly stable as we experienced some degradation during column chromatography, showed 
a visible improvement in stability (motor trans 3.5 could not be isolated in pure form). 
 
Functionalized motor trans 4.3 was reacted with allyltosylate to open the possibility of 
alkene metathesis. Interestingly, no intramolecular ring closing product was obtained, but a 
linear and a cyclic dimer. The details of the synthesis are presented below. 
 
Deprotonation of trans  4.3 with NaH followed by allylation with allyltosylate, 
produced 4.15 in 55% yield (Scheme 3). At this point, reaction with 1
st generation Grubbs’ 
catalyst in DCM under oxygen free conditions at high dilution (0.7 mM) to enforce 
intramolecular metathesis, was expected to give the middle size looped system 4.16 via 
ring closing metathesis (RCM). However, for unknown reasons none of this compound 
could be isolated. After six days of stirring at room temperature, instead, two pure 
compounds were isolated by column chromatography that, after a detailed 
1H-NMR 
analysis, were identified as the cyclic dimer 4.17 and the linear dimer 4.18. It should be 
remarked that the fact that no 4.16 was obtained seems to be due to the trans geometry of 
the motor unit in 4.15. In fact, in Chapter 3 an example of alkene metathesis on a substrate 
similar to 4.15, and with only a shorter 3 carbons chains rather then 6 (compound 3.31), 
was successfully performed. This strongly suggests that a RCM on the cis isomer of 4.15 
can be expected to be feasible. 
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4.15  4.3 
4.16  4.17 
4.18 
 
Scheme 5: Synthesis of dimers 4.17 and 4.18. 
 
 
The cyclic dimer was distinguished from the linear not only on the basis of high resolution 
mass spectrometry, but also on the basis of 
1H-NMR analysis. In the cyclic dimer, in fact, 
the typical protons of the allyl groups are missing, which are instead present in the linear 
dimer (Hp, Hn and Hm in Figure 2b). Another indication is found in the fact that in the 
1H-
NMR all the absorptions of the motor moieties in the cyclic dimer appear complicated by 
the presence of a diastereomeric mixture. Indeed, working with a racemic mixture, two 
kinds of dimers are formed: the homochiral and the heterochiral dimer, which have slightly 
different chemical shifts. In the linear dimer, having a higher degree of freedom, the two 
motor units are further apart from each other respect with the cyclic dimer, and therefore 
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this difference is less pronounced. But in the cyclic dimer, where the two motor units are 
forced in closer proximity of each other, the difference in chemical shifts between the two 
diastereomers is enhanched, and the absorptions in the aromatic region appear, mostly, 
somewhat broader (see Figure 2). 
 
The cyclic dimer was obtained in 36% yield, while only 9% of the linear dimer was 
isolated. This difference can be rationalized considering that the cyclic dimer will form 
from ring closing metathesis (RCM) of the linear dimer, which, being an intramolecular 
reaction, is much faster than the metathesis to form the linear dimer, which is an 
intermolecular reaction. Moreover, it should be kept in mind that this reaction was carried 
in order to obtain compound 4.16, which implies very diluted conditions to minimize 
polymerization (a concentration of about 0.7 mM was used). This can explain the low rate 
of the formation of the dimer, and the overall low yield. In summary, we can assume that 
the linear dimer 4.18 forms first, relatively slowly because of the diluted conditions, and as 
soon as it forms, it will undergo relatively quick RCM and convert into the cyclic dimer 
4.17. Traces of starting material 4.15 were still present in the reaction system, probably due 
to equilibrium with the dimeric species. The RCM gave a 4:1 trans/cis isomeric ratio with 
respect to the tethered moiety. This was determined on the basis of the integrals in the 
1H-
NMR spectrum of the absorptions of Hp proton in the cyclic dimer 4.17 and of the Hq 
proton in the linear dimer 4.18 in the cis and trans isomers configurations
11 (Figure 2). 
Moreover, in Figure 2 also the different shifts of the Hg protons (in both 4.17 and 4.18) in 
the trans and cis configuration of the newly formed double bond are distinguishable. 
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a) 
O
O
O
O
Hf He
Hd
Hc
Hb
Ha
Hp Hg
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Hi Hi
Hk
Hl
Hj
 
 
 
 
Ha     Hd   He   Hb+Hc     Hf               Hp                        Hg    Hi        Hj+Hk      Hl    
ppm 3.0 4.0 5.0 6.0 7.0 8.0  
 
 
b) 
 
 
 
 
Ha    Hd    He    Hb+Hc    Hf      Hp     Hq      Hn     Hm            Hg    Hi        Hj+Hk     Hl    
 
  8.0 7.0 6.0 5.0 4.0 3.0 ppm
 
Figure 2: 
1H-NMR in CDCl3 of a) the cyclic dimer 4.17, and b) the linear dimer 4.18. Some cis isomer 
incorporated in the dimers is visible as impurity (peaks between 6.3 and 7.0 ppm). 
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4.3  Molecular modeling 
 
 
For a better understanding of the geometry of molecules 4.17  and 4.18, computer 
modeling was performed. For this modeling, the Hyperchem software package
12 was used. 
In Figure 3 and Figure 4 PM3
13 optimizations of the hetero and homochiral trans-trans 
cyclic dimer 4.17 and of the hetero and homochiral trans-trans linear dimer 4.18 are shown, 
respectively.  
Due to the presence of alkyl chains, many conformations at energy minima are possible. 
No conformational search was carried out, and the structures shown are only local minima. 
The motor units are, however, at their global minimum.  
From these models it can be noticed that, due to a higher conformational freedom, the 
distance between the two motor moieties will be, on average, higher in the linear dimer 
than in the cyclic dimer. 
 
 
a) 
 
 
b) 
Figure 3: PM3 optimization of  (a) the heterochiral trans-trans cyclic dimer and (b) the homochiral 
trans-trans cyclic dimer 4.17. The motor units are in dark. The structures are only local minima. 
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a) 
 
b) 
Figure 4: PM3 optimization of  (a) the heterochiral trans-trans linear dimer and (b) the homochiral trans-
trans linear dimer 4.18. The motor units are in dark. The structures are only local minima. 
 
 
 
4.4  
1H-NMR measurements 
 
 
In order to study the behavior of systems 4.17 and 4.18, 
1H-NMR measurements were 
performed.
 1H-NMR is a powerful tool for the study of molecular motors, in that each of 
the four isomers of the motor cycle is characterized by different chemical shifts. The rotary 
cycle can therefore easily be followed with this method, comparing the results whith those 
obtained, for example, for motor 4.1. 
 
 
4.4.1  
1H-NMR measurements on the monomer 
 
The aromatic region of the 
1H-NMR spectrum in toluene-d8 of the linear dimer 4.18 at -
50ºC is shown in Figure 5a. The cis isomer is present as an impurity (absorption at 6.4 
ppm), and on the basis of the 
1H-NMR integrals can be quantified as 5%. The sample was 
irradiated in an ethanol bath at -70ºC with a 365 nm light until the photostationary state 
(PSS) was reached, and the 
1H-NMR spectrum of the obtained mixture measured at -50ºC 
(Figure 5b). A complete conversion to a new isomer was observed. By the range of its 
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aromatic protons (6.50-7.60 ppm) and by comparison with previously reported results (see 
Chapter 2 and ref. 14), this new isomer can be identified as unstable cis 4.18. 
 
Subsequently, the sample was warmed to 35ºC until the thermal step had occurred 
completely (a time of 0.5 h was sufficient), and the 
1H-NMR spectrum of the sample was 
measured again at -50ºC (Figure 5c). The unstable cis converted completely to a new 
isomer that could be easily recognized as the stable cis, with distinctive absorptions in the 
range of 6.40-7.70 ppm of the aromatic protons and comparison with data reported in 
Chapter 2 and ref. 14).  
 
The sample, containing now stable cis 4.15 as major compound, was cooled at -70ºC 
and irradiated with 365 nm light. After 1 h, the PSS was reached, and its 
1H-NMR 
spectrum is shown in Figure 5d. Again, comparison with previous data (see Chapter 2 and 
ref. 14) indicated the formation of the unstable trans isomer. At a temperature of -20ºC, 
thermal conversion was already visible, which was completed when room temperature was 
reached. The 
1H-NMR spectrum at -50ºC of the sample after this second thermal 
conversion is shown in Figure 5e. It can be noted that this spectrum is identical to the one 
in Figure 5a, revealing that the stable trans isomer has been obtained again. 
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Ha                               Hd        He   Hb   Hc  Hf 
a) stable trans 
   
b) unstable cis  He    Hd   Hf+Ha                           Hc       Hb 
   
c) stable cis He    Hd     Hf    Ha                     Hc             Hb 
   
d) unstable trans 
Ha   Hd  He         Hb+Hc+Hf 
 
e) stable trans 
ppm 5.50 6.00 6.50 7.00 7.50 8.00 8.50  
 
Figure 5: Partial 
1H-NMR spectra of the monomer 4.15 in toluene-d8: a) stable trans/ stable cis = 95/5, b) 
after first irradiation (365 nm; main isomer: unstable cis), c) after first thermal step (35ºC; main isomer: 
stable cis), d) after second irradiation (365 nm; main isomer: unstable trans), e) after second thermal step 
(0ºC; main isomer: stable trans). All the 
1H-NMR spectra shown were acquired at -50ºC. 
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A full 360º rotation has therefore been performed and, remarkably, both 
photoconversion occurred quantitatively. The complete cycle is shown in Scheme 6. 
 
 
 
 
O
O
O
O
O
O
O
O
 
 
 
stable trans 4.15 
unstable trans 4.15 
λ = 365 nm
λ = 365 nm 
Δ 
unstable cis 4.15 
stable cis 4.15 
Δ 
 
Scheme 6: Rotary cycle of monomer 4.15. 
 
 
 
4.4.2  
1H-NMR measurements of the linear dimer 
 
The aromatic region of the 
1H-NMR spectrum in toluene-d8 of the linear dimer 4.18 at -
50ºC is shown in Figure 6a. The cis isomer is present as an impurity and on the basis of the 
1H-NMR integrals can be quantified as 10%. The sample was irradiated in an ethanol bath 
at -70ºC with a 365 nm lamp until the photostationary state (PSS) was reached, and the 
1H-
NMR spectrum measured again at -50ºC (Figure 6b). A conversion to a new isomer was 
observed, as the absorptions of the trans isomer diminish (for example see the peak at 8.50 
ppm), and new absorptions appear. By the range of its aromatic protons (6.50-7.70 ppm), 
this new isomer can be identified as unstable cis.  
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Subsequently, the sample was allowed to warm until the thermal step had fully 
proceeded, and the 
1H-NMR spectrum of the sample was measured again at -50ºC (Figure 
6c). The unstable cis converted completely to a new isomer that could be easily recognized 
as the stable cis, by means of the absorption range of 6.40-7.70 ppm of the aromatic 
protons. Comparing the absorption of the cis isomer at 6.45 ppm and the absorption of the 
residual trans at 8.50 ppm, it can be seen from their integrals that the trans/cis ratio is 
17/83. It has to be noted that this trans/cis ratio as seen in the 
1H-NMR is referred to a 
single motor moiety of the dimers; therefore it can be assumed that the sample represents a 
mixture of diastereoisomers where the two motor moieties are in the trans-trans, cis-cis 
and cis-trans geometry. 
 
This cycle of photochemical and thermal steps was performed once more, leading to the 
spectrum in Figure 6d after irradiation (mainly unstable trans isomer), and to the spectrum 
in Figure 6e after the thermal rearrangement (mainly stable trans), completing one 360º 
rotation cycle. The trans/cis ratio obtained from the spectrum shown in Figure 6e was 
found to be 66/34.  
 
Comparing these results with those obtained for the monomer 4.15, where the same 
solvent and the same wavelength of irradiation were used (vide supra), the PSS’s have 
significantly decreased. This suggests that the proximity in which two motor units are 
forced to be in 4.18 has an effect on the photochemical isomerization.  
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a) trans 
b) irradiation 1 
c) thermal step 1 
d) irradiation 2 
e) thermal step 2 
Ha Hd He Hb  Hc   Hf                                                                      Hp+Hq        Hn  Hm 
 He  Hd Hf                                            Hc   Hb                 Hp+Hq  Hn  Hm 
 
    He     Hd  Hf+Ha                                 Hd   Hf                   Hp+Hq  Hn  Hm 
 
  Ha  Hd   He  Hb  Hc                                                                      Hp+Hq      Hn  Hm          
Hb
stable trans/ 
stable cis = 
90/10  cis as impurity 
trans 
stable trans/ 
stable cis = 
17/83 
stable trans/ 
stable cis = 
66/34 
ppm 5.50 6.00 6.50 7.00 7.50 8.00 8.50  
 
Figure 6: Partial 
1H-NMR spectra of the linear dimer 4.18 in toluene-d8: a) trans/cis = 90/10 (as from 
synthesis). b) after first irradiation. c) after first thermal step; trans/cis = 17/83. d) after second irradiation. e) 
after second thermal step; trans/cis = 66/34. All the 
1H-NMR spectra shown were acquired at -50ºC. 
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4.4.3  
1H-NMR measurements of the cyclic dimer 
 
Analogous experiments were carried out for the cyclic dimer 4.17 (Figure 7a). The 
1H-
NMR in toluene-d8 of 4.17 at -50ºC is shown in Figure 8a. The cis isomer is present as 
impurity, and on the basis of the 
1H-NMR integrals can be quantified to be 6%. The sample 
was cooled in an ethanol bath at -70ºC and irradiated with a 365 nm lamp until the 
photostationary state (PSS) was reached, and the 
1H-NMR spectra were measured again at 
-50ºC (Figure 7b). Subsequently, the sample was allowed to warm to 40ºC until the 
thermal step had occurred completely, and the sample was measured again at -50ºC (Figure 
7c). It can be seen from the 
1H-NMR integrals that the trans/cis ratio was now 59/41. Also 
in this case, as for the linear dimer, it should be noted that this trans/cis ratio as seen in the 
1H-NMR is referred to a single motor moiety of the dimer. Therefore it can be assumed 
that the sample represents a mixture of diastereoisomers where the two motor moieties are 
in the trans-trans, cis-cis and cis-trans configuration. 
 
 This cycle of photochemical and thermal steps was repeated three times (Figure 7d and 
e, and Figure 8), and the trans/cis ratio became, respectively, 80/20, 47/53 and 60/40.  
Comparing these results with those obtained for the monomer 4.15 using the same 
solvent and the same wavelenth of irradiation (vide supra), the PSS’s have decreased even 
more compared to those of the linear dimer 4.18. In Chapter 3, it has been demonstrated 
that in a looped molecular motor the rotary function is not blocked with a 32 membered 
loop (motor 3.40). In case of molecule 4.17, the ring is even larger, counting 44 atoms. 
Therefore, this decrease in PSS’s can not be attributed to steric effects. 
Moreover, fluorescence spectroscopy measurements were performed (Figure 9). In 
particular, the fluorescence quantum yields of the monomer 4.15 and of the cyclic dimer 
4.17 were determined to be 0.40% and 0.97%, respectively. As the dimer contains two 
fluorophore units (the motor units), it can be concluded that in cyclic dimer 4.17  no 
significant intramolecular photoquenching between the two motor units occurs. 
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Hc
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a) trans  stable trans/ 
stable cis =  Ha       Hd  He+Hb  Hc                                                                             Hp            Hb
94/6 
 
 
 
 
ppm 5.50 6.00 6.50 7.00 7.50 8.00 8.50  
 
Figure 7: Partial 
1H-NMR spectra of the cyclic dimer 4.17 in toluene-d8: a) trans/cis = 94/6 (as from 
synthesis). b) after first irradiation. c) after first thermal step; trans/cis = 59/41. d) after second irradiation. e) 
after second thermal step; trans/cis = 80/20. All the 
1H-NMR spectra are acquired at -50ºC. 
 
 
b) irradiation 1 
c) thermal step 1 
d) irradiation 2 
e) thermal step 2 
stable trans/ 
stable cis = 
59/41 
stable trans/ 
stable cis = 
80/20 
     cis as impurity  trans 
    He     Hd  Hf+Ha                                 Hd   Hf                            Hp 
 He   Hd  Hf                               Hc       Hb                        Hp 
 
Ha Hd He Hb    Hc+Hf                                                                            Hp 
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a) thermal step 2 
stable trans/ 
stable cis = 
80/20 
 
b) irradiation 3 
 
 
 
e) thermal step 4 
c) thermal step 3 
d) irradiation 4 
stable trans/ 
stable cis = 
47/53 
stable trans/ 
stable cis = 
60/40 
 
ppm 5.50 6.00 6.50 7.00 7.50 8.00 8.50  
 
Figure 8: Partial 
1H-NMR spectra of the cyclic dimer 4.17 in toluene-d8 (continues from Figure 7): a) after 
second thermal step; trans/cis = 80/20. b) after third irradiation. c) after third thermal step; trans/cis = 47/53. 
d) after fourth irradiation. e) after fourth thermal step; trans/cis = 60/40. All the 
1H-NMR spectra are acquired 
at -50ºC. 
  194Dimers of molecular motors in a macrocyclic and linear topology 
 
 
 
 
 
a) 
 
b) 
 
 
 
Figure 9: Absorption and fluorescence spectra of monomer 4.15 (a) and cyclic dimer 4.17 (b). 
 
 
 
4.5  Conclusions 
 
 
A new first generation molecular motor derivatized at the stereogenic centers with a 
chain carrying a double bond has been synthetized. Its rotary function has been 
demonstrated by 
1H-NMR spectroscopic studies. Both the photoisomerization processes 
were found to occur with complete conversion of the stable to unstable isomers. 
Starting from this building block, two dimers of molecular motors, one linear and one 
cyclic, were prepared and their isomerization processes were studied with 
1H NMR 
measurements. The rotary function of the motor units was demonstrated in both cases. In 
Scheme 7, the rotary process of the cyclic dimer 4.17 is represented. For simplicity, only 
the rotation of one of the two motor units is shown. It has to be stressed, however, that an 
independent functioning of the two units can be assumed. 
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Scheme 7: Rotary cycle of the cyclic dimer 4.17. Only the rotation of one of the two motor units is shown for 
simplicity. 
 
 
In the dimer, where two motor units are forced to be in proximity with each other, the 
PSS ratio’s decrease significantly compared to experiments performed with a single motor 
molecule. This difference is more pronounced in the cyclic dimer than in the linear 
compound. This ensemble of two motors is therefore demonstrated to strongly affect the 
efficiency of the rotary function.  
Fluorescence measurements demonstrated that the two motor units of the cyclic dimer 
do not give quenching effects. Additionally, steric factors can be excluded based on 
previous results (Chapter 3, motor 3.40). The reasons for the observed decrease of 
photoconversion is, therefore, still to be estabilished. 
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4.6  Experimental section 
 
 
4.6.1  General remarks 
 
UV/Vis measurements were performed on a Jasco V-630 spectrophotometer. 
Fluorescence measurements were performed on a JASCO FP-6200 spectrophotometer. 
 
For other general experimental information, see general remarks  in the experimental 
section of Chapter 2. 
 
 
4.6.2  Computational details 
 
All the calculations were performed with the Hyperchem 7.5 software package
12 at the 
PM3
13 level of theory. The motor units have been optimized at their minimum of energy. 
For the remaining part of the molecules, no conformational analysis was carried out, 
therefore the structures represent only local minima. 
 
 
 
 
 
Deprotected motor (4.3): tetrabutyl ammonium fluoride (TBAF) (3.4 ml of a 1 M solution 
in THF, 3.4 mmol) was added dropwise to a stirred ice cold solution of protected motor 
4.14 (651 mg, 0.85 mmol) in freshly distilled dry THF (55 ml) under nitrogen atmosphere. 
The solution was left warming to room temperature and stirring was continued for 6 h. The 
solvent was removed by rotary evaporation. Water (15 ml) was added, and the product was 
extracted with ethylacetate (3 ×  40 ml). The organic layers were collected, dried with 
MgSO4, filtered, and the solvent was evaporated under vacuum. In order to separate the cis 
and the trans isomers flash column chromatography on silica gel was performed several 
times, using toluene/ethylacetate 80:20 to 0:100 as eluent (Rf = 0.27 and 0.44 for the cis 
and the trans, respectively, in toluene/ethylacetate 1:1). Part of the material underwent 
degradation during flash chromatography, as indicated by the apparence of new spots on 
thin layer chromatography (TLC). Neutral alumina was also tested, but no improvement 
was observed. Finally, both the isomers were isolated, both as yellow solid (trans: 165 mg, 
0.31 mmol, 36%; cis: 48 mg, 0.090 mmol, 11%). 
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cis: 
1H NMR (400 MHz, CDCl3) δ ppm 7.69 (d, J = 8.2 Hz, 2H), 7.63 (d, J = 8.1 Hz, 2H), 
7.47 (d, J = 8.2 Hz, 2H), 6.94 (t, J = 7.5 Hz, 2H), 6.53 (d, J = 8.4 Hz, 2H), 6.34 (t, J = 7.6 
Hz, 2H), 3.62 (t, J = 6.7 Hz, 4H), 3.52-3.42 (m, 4H), 2.83 (d, J = 14.6 Hz, 2H), 1.73-1.43 
(m, 8H), 1.41-1.10 (m, 12H). 
13C NMR (101 MHz, CDCl3) δ ppm 144.1, 139.4, 137.7, 
132.1, 129.4, 128.3, 127.5, 126.6, 124.0 (2C), 123.3, 62.9, 47.8, 37.7, 34.6, 32.7, 29.7, 
29.6, 27.9, 25.7. HRMS: calcd. for C38H44O2: 532.33412, found 532.33147. 
trans: 
1H NMR (400 MHz, CDCl3) δ ppm 8.26 (d, J = 7.9 Hz, 2H), 7.90 (d, J = 7.7 Hz, 
2H), 7.75 (d, J = 8.1 Hz, 2H), 7.53-7.43 (m, 4H), 7.39 (d, J = 8.1 Hz, 2H), 3.62 (t, J = 6.6 
Hz, 4H), 2.90-2.77 (m, 4H), 2.52 (d, J = 14.4 Hz, 2H), 1.59-1.45 (m, 8H), 1.41-1.21 (m, 
12H). 
13C NMR (101 MHz, CDCl3) δ ppm 141.9, 140.7, 139.3, 132.9, 129.9, 128.4, 127.7, 
126.2, 125.1, 124.6, 124.0, 62.9, 48.6, 37.8, 34.0, 32.7, 29.8, 28.8, 25.7. HRMS: calcd. for 
C38H44O2: 532.33412, found 532.33159. 
 
 
 
  
2-(6-hydroxyhexyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (4.4): acid 4.5 (1.6 
g, 4.0 mmol) was dissolved in freshly distilled DCM (10 ml) and the solution was cooled at 
0ºC while stirring. Oxalylchloride (584 μl, 6.8 mmol) was added slowly, followed by 5 
droplets of DMF. The solution was then allowed to warm to room temperature over night 
under nitrogen atmosphere. The volatiles were eliminated by rotary evaporation, and 
freshly distilled DCM (20 ml) was added. After cooling at 0ºC, aluminium trichloride (1.06 
g, 8 mmol) was added portionwise. After 3 h no starting material was detected, and the 
reaction was quenched with aqueous sat. Na2CO3 and the mixture extracted three times 
with 20 ml of ethylacetate; the organic layers were collected, dried with MgSO4 and 
filtered. The solvent was eliminated under vacuum. Further purification was achieved with 
flash column chromatography on silica gel using toluene with 20% ethylacetate as eluent 
(Rf = 0.39 in toluene/ethylacetate 80:20). The product was obtained as a yellow oil (1.05 g, 
3.7 mmol, 92%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.14 (d, J = 8.3 Hz, 1H), 8.01 (d, J = 8.3 Hz, 1H), 7.86 
(d, J = 8.1 Hz, 1H), 7.65 (t, J = 7.6 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.47 (d, J = 8.4 Hz, 
1H), 3.63 (t, J = 6.6 Hz, 2H), 3.36 (dd, J = 17.6, 7.4 Hz, 1H), 2.87 (dd, J = 17.6, 3.2 Hz, 
1H), 2.77-2.68 (m, 1H), 1.64-1.50 (m, 4H), 1.50-1.32 (m, 6H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 209.6, 156.9, 135.6, 132.5, 130.5, 129.4, 128.7, 127.9, 126.4, 123.9, 123.8, 
62.8, 47.7, 33.1, 32.6, 31.5, 29.3, 27.2, 25.5. HRMS: calcd. for C19H22O2: 282.16197, 
found 282.16303. 
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8-(benzyloxy)-2-(naphthalen-2-ylmethyl)octanoic acid (4.5): sodium hydride (15.5 g, 
387 mmol) was dissolved in distilled water (150 ml), and the solution was added to ester 
4.12 (31.3 g, 77.3 mmol) followed by freshly distilled THF (250 ml) and methanol (250 
ml). The mixture was heated at reflux for 3 h with stirring. The solvent was removed by 
rotary evaporation. Water (200 ml) and HCl till pH = 1 were added, and the precipitated 
product was extracted four times with ethylacetate. The combined organic layers were 
dried with MgSO4 and filtered. After removal of the solvent in vacuum, the product was 
obtained as a yellow oil (30.5 g, 78 mmol, 100%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.83-7.73 (m, 3H), 7.63 (s, 1H), 7.48-7.40 (m, 2H), 
7.35-7.26 (m, 6H), 4.49 (s, 2H), 3.44 (t, J = 6.6 Hz, 2H), 3.15 (dd, J = 13.6, 7.8 Hz, 1H), 
2.91 (dd, J = 13.6, 6.9 Hz, 1H), 2.82-2.73 (m, 1H), 1.78-1.45 (m, 4H), 1.45-1.20 (m, 6H). 
13C NMR (101 MHz, CDCl3) δ ppm 181.6, 125-1 (15 aromatic C), 72.7, 70.2, 47.2, 38.1, 
31.6, 29.5, 29.2, 27.1, 25.8. HRMS: calcd. for C26H30O3: 390.21948, found 390.21976. 
 
 
 
  
8-(Benzyloxy)octanoic acid (4.6): CrO3 (40 g, 0.4 mol) was poured portionwise onto 40 
ml of conc. H2SO4 at 0ºC. Ice cold water (600 ml) was added slowly. Successively, this 
solution (Jones reagent) was added dropwise, over a period of 20 min, to a solution of the 
mixture of mono and diprotected diol from the previous reaction (84.6 g in total) in acetone 
(1600 ml) at 0ºC with stirring. The solution was allowed to warm to room temperature over 
night. The acetone was removed under vacuum, and the residue was extracted with 
diethylether four times. The organic fractions were collected and extracted several times 
with a saturated aq. Na2CO3 solution. The aqueous layers were collected and the solution 
was carefully acidified with 3 M aq. HCl till pH 1. The product was then extracted with 
diethylether (5 ×  300 ml). The organic layers were collected, dried over Na2SO4, filtrated 
and the solvent was removed under vacuum. The last traces of metal  were eliminated 
filtering the residue on a silica gel plug, eluting with diethylether. The product was 
obtained as a yellow oil (29.8 g, 119 mmol, 72%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.30-7.17 (m, 5H), 4.43 (s, 2H), 3.39 (t, J = 6.6 Hz, 
2H), 2.27 (t, J = 7.5 Hz, 2H), 1.61-1.49 (m, 4H), 1.35-1.22 (m, 6H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 180.0, 138.6, 128.3, 127.6, 127.4, 72.8, 70.3, 34.0, 29.6, 29.0, 28.9, 25.9, 
24.6. HRMS: calcd. for C15H24O2: 236.17762, Found: 236.17751. 
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8-(Benzyloxy)octan-1-ol (4.10): 1,8-octanediol (50 g, 0.342 mol) was dissolved in freshly 
distilled dry THF (500 ml) and the solution cooled at 0ºC. Sodium hydride (50% dispersion 
in oil, 16.4 g, 0.342 mol) was added portionwise while stirring. The slurry was heated at 
reflux for 3 h. Successively, benzylbromide (40.6 ml, 0.342 mol) was added, and heating at 
reflux was continued overnight. The precipitated sodium bromide was filtered off and 
washed with ethylacetate. The solvents were removed by rotary evaporation and the 
residue purified by flash column chromatography on silica gel, using heptane with a 15-
20% gradient of ethylacetate (Rf = 0.6 for the monoprotected product 4.10, and Rf = 0.9 for 
the diprotected product in heptane/ethylacetate 1:1). Finally, 84.6 g of a yellow oil was 
isolated, which proved to be a mixture of monoprotected product 4.10 and diprotected 
product in a 1:2 ratio (based on 
1H-NMR absorption integrations). This corresponds to a 
yield of product 4.10 of 48%. Due to the lack of reactivity of the diprotected molecule 
under the specific conditions, the mixture was used directly for the next reaction without 
further purification. 
 
 
 
  
Methyl 8-(benzyloxy)octanoate (4.11): acid  4.6 (29.8 g, 119 mol) was dissolved in 
methanol (500 ml), and sulfuric acid (4 droplets) was added. The solution was stirred at 
60ºC over night. Successively, the solvent was eliminated under reduced pressure, and the 
residue was filtered over a silica gel plug using heptane with a 10 to 20% ethylacetate 
gradient as solvent (Rf = 0.65 in heptane/ethylacetate 80:20). The product was collected as 
a pale yellow oil (31.7 g, 120 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ ppm 7.36-7.28 (m, 5H), 4.50 (s, 2H), 3.66 (s, 3H), 3.46 (t, J 
= 6.6 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 1.67-1.56 (m, 4H), 1.42-1.25 (m, 6H). 
13C NMR 
(101 MHz, CDCl3) δ ppm 174.1, 138.5, 128.1, 127.4, 127.3, 72.6, 70.2, 51.2, 33.9, 29.5, 
28.9 (2C), 25.8, 24.7. HRMS: calcd. for C16H24O3: 264.17253, found 264.17350. 
 
 
 
  
Methyl 8-(benzyloxy)-2-(naphthalen-2-ylmethyl)octanoate (4.12): diisopropylamine 
(DIPA) (8.94 ml, 68 mmol) was dissolved in freshly distilled THF (600 ml) at -55ºC. To 
the stirred solution, n-butyl lithium (42.5 ml of a 1.6 M solution, 68 mmol) was added 
dropwise. After a period of 15 min at this temperature under nitrogen atmosphere, stirring 
was continued at 0ºC for 45 min. The solution was then cooled again to -55ºC and a 
solution of ester 4.11 (15 g, 56.7 mmol) in freshly distilled THF (100 ml) was added 
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slowly. Stirring was continued for 2 h at a temperature between -25 and -35ºC. 
Subsequently, this solution was slowly added via a cannula to a solution of 2-
(bromomethyl)naphthalene (13.8 g, 62.4 mmol) in freshly distilled THF (50 ml) and kept 
at room temperature. The system was allowed to warm to room temperature overnight. The 
reaction was quenched with aqueous NH4Cl and the product was extracted three times with 
diethylether; the organic layers were collected, dried with MgSO4 and filtered. Further 
purification was achieved with flash column chromatography on silica gel using heptane 
with 0 to 10% ethylacetate as eluent (Rf = 0.39 in heptane/ethylacetate 90:10). To eliminate 
residual impurities, another column chromatography (SiO2) was performed eluting with 
heptane using a 50 to 80% toluene gradient as eluent (Rf = 0.30 in net toluene). The 
product was collected as a yellow oil (26.2 g, 65 mmol, 55%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.85-7.76 (m, 3H), 7.63 (s, 1H), 7.46 (m, 2H), 7.38-
7.27 (m, 6H), 4.51 (s, 2H), 3.61 (s, 3H), 3.46 (t, J = 6.6 Hz, 2H), 3.13 (dd, J = 13.6, 8.4 
Hz, 1H), 2.92 (dd, J = 13.6, 6.6 Hz, 1H), 2.84-2.75 (m, 1H), 1.79-1.49 (m, 4H), 1.43-1.25 
(m, 6H). 
13C NMR (101 MHz, CDCl3) δ ppm 176.0, 125-140 (15 aromatic C), 72.7, 70.3, 
51.3, 47.5, 38.6, 32.0, 29.6, 29.2, 27.6, 25.9. HRMS: calcd. for C27H32O3: 404.23513, 
found 404.23545. 
 
 
 
  
2-(6-(tert-Butyldimethylsilyloxy)hexyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
one (4.13): alcohol 4.4 (1.05 g, 3.7 mmol), together with triethylamine (1.8 ml, 13 mmol) 
and t-butyl dimethyl silyl chloride (1.1 g, 7.4 mmol) were dissolved in 4 ml of freshly 
distilled dry DCM under nitrogen atmosphere. The system was stirred at room temperature 
over night. Water (2 ml) was added, part of the solvent was removed by rotary evaporation, 
and the resulting mixture was extracted with ethylacetate (3 ×  10 ml); the organic layers 
were collected, dried with MgSO4 and filtered. The solvent was eliminated under vacuum. 
Further purification was achieved by column chromatography using heptane with 50-70% 
of toluene as eluent (Rf = 0.46 in toluene). The product was isolated as a yellow oil (1.35 g, 
3.4 mmol, 92%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.16 (d, J = 8.3 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.86 
(d, J = 8.1 Hz, 1H), 7.65 (t, J = 7.3 Hz, 1H), 7.53 (t, J = 7.4 Hz, 1H), 7.47 (d, J = 8.4 Hz, 
1H), 3.61 (t, J = 6.5 Hz, 2H), 3.36 (dd, J = 17.6, 7.4 Hz, 1H), 2.87 (dd, J = 17.6, 2.9 Hz, 
1H), 2.77-2.69 (m, 4H), 1.58-1.29 (m, 6H), 0.90 (s, 9H), 0.06 (s, 6H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 209.4, 156.8, 135.5, 132.6, 130.6, 129.4, 128.7, 127.9, 126.4, 123.9, 123.9, 
123.8, 63.1, 47.8, 33.2, 32.7, 31.6, 29.4, 27.3, 25.9, 25.6, -5.3. HRMS: calcd. for 
C50H72O2Si2: 760.50708, found 760.50632. 
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Protected motor (4.14): a suspension of zinc powder (967 mg, 14.8 mmol) in freshly 
distilled dry THF (100 ml) was prepared and cooled at 0ºC. Titanium tetrachloride (816 µl, 
7.4 mmol) was added dropwise under a nitrogen atmosphere with vigorous stirring, and the 
slurry was heated at reflux for 2 h. Next, ketone 4.13 (1.3 g, 3.3 mmol) dissolved in freshly 
distilled dry THF (15 ml) was added, and the solution was heated at reflux over night. The 
reaction was quenched with aqueous ammonium chloride (20 ml), and the mixture 
extracted with ethylacetate (4 × 80 ml). The organic layers were collected, dried with 
MgSO4 and filtered. The solvent was eliminated under vacuum. Further purification was 
achieved by column chromatography using as eluent heptane with 50 to 100% toluene 
gradient (Rf = 0.9 in toluene; the separation between the cis and the trans isomers was 
found to be very small, and no effort was made to achieve separation at this stage). The 
trans and the cis isomers were formed in a 88:12 ratio, isolated together as a yellow 
viscous oil (700 mg, 0.92 mmol, 56%). 
1H NMR (400 MHz, CDCl3) δ ppm 8.27 (d, J = 8.2 Hz, 2H, trans), 7.90 (d, J = 7.9 Hz, 2H, 
trans), 7.76 (d, J = 8.1 Hz, 2H, trans), 7.70 (d, J = 8.2 Hz, 2H, cis), 7.64 (d, J = 8.0 Hz, 
2H, cis), 7.54-7.43 (m, 4H trans and 2H cis), 7.39 (d, J = 8.1 Hz, 2H, trans), 6.95 (t, J = 
7.4 Hz, 2H, cis), 6.54 (d, J = 8.4 Hz, 2H, cis), 6.35 (t, J = 7.5 Hz, 2H, cis), 3.59 (t, J = 6.6 
Hz, 4H trans and 4H cis), 3.52-3.43 (m, 4H cis), 2.90-2.79 (m, 4H trans and 2H cis), 2.53 
(d, J = 14.3 Hz, 2H trans), 1.62-1.09 (m, 20H trans and 20H cis), 0.90 (s, 18H trans and 
18H cis), 0.05 (s, 12H trans and 12H cis). 
13C NMR (101 MHz, CDCl3) mixture of cis and 
trans) δ ppm 144.1, 142.0, 140.7, 139.4, 139.4, 137.8, 132.9, 132.1, 129.9, 129.5, 128.4, 
128.4, 128.2, 127.7, 127.5, 126.6, 126.2, 125.2, 124.6, 124.1, 123.9, 123.3, 63.3, 63.2, 
48.6, 48.0, 37.8, 34.8, 34.1, 32.8, 29.8, 29.7, 28.9, 28.0, 25.9, 25.8, 25.7, 18.3, -5.2. HRMS: 
calcd. for C50H72O2Si2: 760.50708, found 760.50632. 
 
 
 
S
O
O
O  
Allyltosylate:
15 allylalcohol (4.075 ml, 60 ml) and tosylchloride (13 g, 72 mmol) were 
dissolved in freshly distilled diethylether (85 ml) and the mixture cooled to -40ºC. 
Subsequently, powdered NaOH (9 g, 225 mmol) was added over a period of 10 min with 
vigorous stirring, while the system was kept under nitrogen. The temperature was allowed 
to slowly increase to 0ºC, and the mixture was left at 0ºC for 1 h. Next, stirring was 
continued at room temperature over night. The solution was then poured into an ice-water 
mixture. The ether phase was separated, washed two times with ice-water, and dried with 
Na2SO4. The ether was removed at reduced pressure at 0ºC, The product was obtained as a 
pale yellow oil (11.56 g, 54.4 mmol, 90%). 
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1H NMR (400 MHz, CDCl3) δ ppm 7.75 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.5 Hz, 2H), 5.77 
(tdd, J = 17.1, 10.3, 5.9, Hz, 1H), 5.24 (dd, J = 29.2, 13.8 Hz, 2H), 4.48 (d, J = 5.9 Hz, 
2H), 2.40 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ ppm 144.7, 132.9, 130.0, 129.7, 127.6, 
120.0, 70.6, 21.4. HRMS: calcd. for C10H12O3S: 212.05070, found 212.05147. 
 
 
 
 
Diallyl-motor (4.15): motor  trans  4.3 (165 mg, 0.31 mmol) was dissolved in freshly 
distilled dry THF (12 ml). After cooling with an ice bath, NaH 50% in oil (89.3 mg, 1.68 
mmol) was added portionwise under a nitrogen atmosphere while stirring. The ice bath was 
removed after 15 min, and the stirring was continued for a further 2 h at room temperature. 
To this mixture, allyltosylate (395 mg, 1.86 mmol) diluted in 2 ml of dry THF was added 
dropwise at 0ºC. The mixture was then heated at reflux over night. The reaction was slowly 
quenched with a saturated aqueous solution of ammonium chloride, the volatiles were 
eliminated by rotary evaporation and the residue was extracted three times with 
ethylacetate. Magnesium sulfate was used to remove the excess of water in the organic 
layer, and was then removed by filtration. The solvent was removed by rotary evaporation. 
A flash column chromatography was performed, using heptane/ethylacetate 95:5 as eluent 
(Rf = 0.40 in heptane/ethylacetate 95:5). As for the deprotected motor 4.3, the 2D TLC 
analysis showed some decomposition on silica gel. For this reason, care should be taken in 
performing the flash chromatography quickly. The product was obtained as a yellow 
viscous oil (100 mg, 0.16 mmol, 55%). 
1H NMR (400 MHz, CDCl3) δ ppm 8.25 (d, J = 8.1 Hz, 2H), 7.90 (d, J = 7.9 Hz, 2H), 7.75 
(d, J = 8.1 Hz, 2H), 7.52-7.42 (m, 4H), 7.38 (d, J = 8.1 Hz, 2H), 5.91 (tdd, J = 16.0, 10.4, 
5.6 Hz, 4H), 5.26 (ddd, J = 17.2, 3.3, 1.7 Hz, 2H), 5.16 (ddd, J = 10.4, 3.0, 1.4 Hz, 2H), 
3.95 (d, J = 5.6 Hz, 4H), 3.40 (t, J = 6.7 Hz, 4H), 2.89-2.77 (m, 4H), 2.52 (d, J = 14.3 Hz, 
2H), 1.63-1.49 (m, 8H), 1.39-1.20 (m, 12H). 
13C NMR (101 MHz, CDCl3) δ ppm 141.9, 
140.7, 139.3, 135.0, 132.9, 129.9, 128.4, 127.7, 126.2, 125.1, 124.6, 124.0, 116.6, 71.7, 
70.3, 48.6, 37.7, 34.0, 29.9, 29.7, 28.8, 26.1. HRMS: calcd. for C44H52O2: 612.39672, 
found 612.39964. 
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Motor dimers (cyclic 4.17 and linear 4.18): these compounds were obtained in an 
attempt to prepare the looped motor 4.16. Trans 4.15 (70 mg, 0.11 mmol) was dissolved in 
dry DCM (150 ml). Separately, benzylidene-bis(tricyclohexylphosphine)-
dichlororuthenium (1
st generation Grubbs’ catalyst) (4.5 mg, 5 mol%) was dissolved in dry 
DCM (3 ml). Both solution were degassed by freeze-pump-thaw technique for three times. 
Next, they were mixed together and the resulting mixture stirred at room temperature for 6 
d
16 . The solvent was eliminated under reduced pressure. Silica gel flash column 
chromatography was performed several times using a mixture of heptane/ethylacetate 95:5 
in order to separate the products. Both the cyclic dimer 4.17 and the linear dimer 4.18 were 
isolated as yellow solids: cyclic dimer 4.17 (23 mg, 0.019 mmol, 36%); linear dimer 4.18 
(6 mg, 0.0050 mmol, 9%).
17 
 
Cyclic dimer: 
1H NMR (400 MHz, CDCl3) δ ppm 8.27-8.18 (m, 4H), 7.85 (d, J = 8.1 Hz, 
4H), 7.75-7.66 (m, 4H), 7.51-7.39 (m, 8H), 7.37-7.30 (m, 4H), 5.85-5.62 (m, 4H), 4.05-
3.87 (m, 8H), 3.42-3.32 (m, 8H), 2.90-2.73 (m, 8H), 2.54-2.41 (m, 4H), 1.65-1.44 (m, 
16H), 1.39-1.16 (m, 24H). 
13C NMR (101 MHz, CDCl3) δ ppm 142.0, 140.7, 139.4, 132.9, 
129.9, 129.4, 128.4, 127.7, 126.3, 125.2, 124.6, 124.0, 70.7, 70.2, 48.6, 37.7, 33.9, 29.7, 
29.6, 28.7, 25.9, 25.9. HRMS: calcd. for C84H96O4Na (MNa
+): 1191.7200, found 
1191.7197. 
 
Linear dimer: 
1H NMR (400 MHz, CDCl3) δ ppm 8.24 (d, J = 7.7 Hz, 4H), 7.88 (d, J = 6.9 
Hz, 4H), 7.73 (d, J = 8.1 Hz, 4H), 7.51-7.40 (m, 8H), 7.37 (d, J = 8.1 Hz, 4H), 5.91 (tdd, J 
= 11.2, 10.4, 5.6 Hz, 2H), 5.79-5.76 (m, 2H), 5.25 (ddd, J = 17.2, 3.3, 1.6 Hz, 2H), 5.15 
(ddd, J = 10.4, 2.9, 1.2 Hz, 2H), 3.96-3.91 (m, 8H), 3.42-3.33 (m, 8H), 2.90-2.71 (m, 8H), 
2.51 (d, J = 14.3 Hz, 4H), 1.70-1.43 (m, 16H), 1.39-1.17 (m, 24H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 142.0, 140.7, 139.4, 135.0, 132.9, 129.9, 129.5, 128.4, 127.8, 126.2, 125.2, 
124.6, 124.1, 116.7, 71.8, 70.8, 70.5, 70.4, 48.7, 37.8, 34.1, 29.9, 29.7, 28.8, 26.2. HRMS: 
calcd. for C86H100O4Na (MNa
+): 1219.7513, found 1219.7545. 
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CHAPTER 5 
 
 
INCREASING THE STABILITY OF 
FUNCTIONALIZED MOLECULAR MOTORS. 
A NEW SHORT LOOPED MOLECULAR 
MOTOR, A MOLECULAR WALKER, AND A 
FUNCTIONALIZED MOLECULAR MOTOR 
FOR LIQUID CRYSTALS. 
 
 
 
 
 
 
 
In this chapter, a new functionalized molecular motor is presented. This new 
structure presents two benzyl functional groups, and displayed increased stability 
under purification conditions compared with the structures presented in the previous 
chapters.  
This functionalized molecular motor is used as scaffold to produce more complex 
systems. In particular, a molecular walker, a new dopant for liquid crystals and a new 
looped motor are synthetized and their isomerization properties studied. 
 
 
 
 
 
Parts of this chapter will be submitted for publication: G. Caroli, B. L. Feringa, manuscript 
in preparation. 
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5.1  Introduction 
 
 
It is of interest to investigate more systems with novel topologies, in order to establish 
the limits of the rotary function and to discover new emerging features and/or new 
applications. In the previous chapters, the synthesis of functionalized molecular motors as 
a scaffold to create systems with novel topologies has been presented (see Chapters 3 and 
4). However, a limit to the application of these systems comes from the chemical 
instability of the basic structures designed. Scaffold 5.1 (see Chapter 3) presents two 
hydroxy groups separated by only 4 carbon atoms from the central double bond (Chart 1). 
This proximity seems to be related to the degradation of compound 5.1, expecially for the 
trans isomer, which could not be isolated in a pure state. An improvement was achieved 
with structure 5.2, where the distance between central double bond and the two hydroxyl 
functionalities is increased from 4 to 8 carbon atoms (see Chapter 4). The stability of this 
structure was indeed somewhat higher. However, to continue our research on 
functionalised molecular motors, we chose to design a third structure where the hydroxyl 
functional groups are attached to the motor moiety with a more rigid linker, which does not 
allow them to come into the vicinity of the central double bond. Structure 5.3 shows two 
phenol groups which, because of their rigidity, limit the interaction of the hydroxy groups 
with the central double bond (Chart 1). Therefore, this compound was expected to be more 
stable than compound 5.2. 
 
 
 
 
rigid 
5.1 5.2  5.3   
 
Chart 1: Structures of three functionalized molecular motors. 
 
 
That the motor function is mantained in this structure is suggested by studies on its non-
functionalized version (see Chapter 6). 
In this chapter, the synthesis of compound 5.3 is presented, together with its use as a 
scaffold to build three new systems, namely a molecular walker for surfaces, a new dopant 
for liquid crystals, and a new looped-motor (Scheme 1). Furthermore, the rotary function 
of the molecular walker and the liquid crystal dopant are fully investigated with 
1H-NMR 
and UV/Vis spectroscopic measurements and kinetic studies. 
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Scheme 1: Systems developed in this Chapter: a) a molecular walker for surfaces, b) a new dopant for liquid 
crystals, c) a new looped-motor. 
 
 
 
5.2  Design and synthesis of the scaffold 
 
 
Scaffold 5.3 was designed on the basis of the rigidity of the phenol moiety. In contrast 
to 5.1 and 5.2 where the hydroxy groups are connected to the motor moiety with a flexible 
alkyl chain, in 5.3 the use of a more rigid benzyl unit as linker severely limits, with a p-
hydroxy substituent, the action of the hydroxy groups on the central double bond of the 
motor. 
 
In Scheme 2 the retrosynthesis of overcrowded alkene 5.3 is shown. Structure 5.3 can 
be obtained from ketone 5.4 via a McMurry coupling, after protection of the hydroxy 
group. Ketone 5.4 can be obtained via an intramolecular Friedel-Crafts acylation of the 
carboxylic acid obtained from the hydrolysis of ester 5.5. Ester 5.5 can be made by α-
  209Chapte 5 
alkylation with 2-(bromomethyl)-naphthalene of ester 5.6, which can be prepared starting 
from the commercially available 3-(4-hydroxyphenyl)propanoic acid in two steps: 
esterification and protection of the phenol. A benzyl was chosen as the protecting group in 
5.6 because of its resistance to the basic conditions of the α-alkylation and hydrolysis of 
the ester. Moreover, the benzyl group is known to be cleaved in presence of a Lewis acid; 
for this reason, it can be expected that in the Friedel-Crafts acylation of the acid of ester 
5.5, not only the ring closing, but also deprotection of the benzyl group can occur, killing 
two birds with one stone. 
 
 
 
HO
OH
O
OH
O
O
O
O
O
O
HO
OH
O
 
5.4 5.5  5.3 
  5.6 
 
Scheme 2: Retrosynthetic analysis of scaffold 5.3. 
 
 
The synthesis of ketone 5.4 is shown in Scheme 3. Esterification of the commercially 
available 3-(4-hydroxyphenyl)propanoic acid gave compound 5.7 in quantitative yield. 
Subsequently, the phenol was protected with a benzyl group, and the product 5.6 was 
deprotonated with freshly prepared lithium diisopropylamide (LDA) to be alkylated with 2-
(bromomethyl)-naphthalene (prepared according to a literature procedure
1), yielding 62% 
of  5.5. Next, the ester was hydrolyzed to acid 5.8 in 95% yield, which was activated 
subsequently with oxalylchloride and reacted immediately with aluminium trichloride. The 
result of this reaction was a mixture of ketone 5.9 with a protected phenol and ketone 5.4 
with a deprotected phenol, in a yield of 43% and 53%, respectively. These compounds 
were separated by column chromatography. 
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Scheme 3: Synthesis of ketone 5.4. 
 
 
As summarized in Scheme 4, several attempts were made to obtain compound 5.4 by 
deprotection of compound 5.9, but all were unsuccessful. In particular, the same reaction 
conditions used on compound 5.8 were tried (oxalylchloride and aluminium trichloride), 
followed by other Lewis acids (TiCl4 and BBr3), H2/Pd up to 50 atm, and strong acidic 
conditions (with hydrochloric acid, sulfuric acid or TFA), and in every case either starting 
material was recovered or degradation was observed. 
 
 
 
    5.4 5.9 
 
Scheme 4: Failed attempts for the de-benzylation of compound 5.9. i) conditions: oxalyl chloride, DMF (2 
droplets) in DCM; AlCl3 in DCM at rt o/n; TiCl4 in THF at rt o/n; 50 μl of BBr3 in 1,2-dichloroethane at 
reflux o/n; H2/Pd in methanol at rt 1 d; H2/Pd in ethyl acetate at rt 1 d; H2/Pd 50 atm  in ethyl acetate at rt o/n; 
TFA 15% in ethyl acetate at 50ºC 7 h; TFA in thioanisole at 50ºC 40 h (according to a literature procedure
2); 
HCl (0.5 ml of a 30% aq. sol.) in ethyl acetate/ethanol at 50ºC o/n; conc. sulfuric acid at rt o/n. 
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The synthesis of scaffold 5.3 from ketone 5.4 is shown in Scheme 5. Ketone 5.4 was 
protected again with a TBS group, as it is resistent to McMurry coupling conditions and 
easy to cleave in high yields under conditions compatible with the motor moiety (5.11). 
Next, a McMurry coupling gave the protected motor 5.11 as a mixture of cis and trans 
isomers in a ratio that ranged from 1/2 to 2.2/1,
3 with a total yield ranging from 29 to 70%. 
Finally, deprotection with tetrabutyl ammonium fluoride performed on the mixture of cis 
and trans isomers, gave the deprotected motor 5.3 in high yield. The cis and trans isomers 
were separated only at this stage, due to better separation on column chromatoghraphy 
with respect to the less polar protected 5.11. Both isomers of the functionalized motor 5.3 
displayed improved stability under purification conditions (silica gel) compared to the 
analogous previously prepared 5.1 and 5.2.  
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Scheme 5: Synthesis of scaffold 5.3. 
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1H-NMR spectroscopic analysis allows for identification between cis 5.11 and trans 
5.11. For instance, the absorptions of the protons of the naphthalene groups in the cis 
isomer are found at higher field, due to the higher proximity of the two moieties compared 
with the trans isomer (for the assignments, see, for example, Figure 3). 
 
 
 
5.3  The molecular walker 
 
 
5.3.1  Introduction 
 
Porphyrins have a great propensity to accommodate a metal, which can be used to 
coordinate functional molecules. Metalloporphyrins are promising materials for the 
development of molecular-based catalytic or coordinating systems formed by self-
assembly.
4 Among metalloporphyrins, zinc-porphyrins in solution have been extensively 
investigated mainly because of their binding affinity toward many different amine ligands, 
providing stable complexes, whereas other metalloporphyrins show lower binding affinity 
and/or show different oxidation states.
5 
 
A study  on the dynamic behavior of zinc-5,10,15,20-meso-tetradodecylporphyrin (Zn-
TDP) on surfaces and its use to achieve a 2D patterning of ligands has recently been 
reported by our group.
6 In this study, it is shown by STM measurements how Zn-TDPs 
self-assemble into stable organized arrays on the surface of highly oriented pyrolytic 
graphite (HOPG), thus positioning their metal center at regular distances from each other, 
creating in this way a molecular pattern, while still retaining the possibility to coordinate 
additional ligands like they do in solution. In Figure 1a the self-assembling on HOPG of 
free base TDPs is shown.
7 Because of steric restrictions, they adopt a conformation in 
which only two dodecyl tails per molecule physisorb along the main axes of HOPG, while 
the other two are disordered in the solution phase. The monolayers formed by Zn-TDPs 
(Figure 1b) exhibit a similar packing compared to that formed by free base TDPs. 
Consequently, the packing model shown in Figure 1d also corresponds to the structure of 
the Zn-TDP monolayer. Figure 1c displays a typical STM image of the self-assembled 
monolayer of Zn-TDP coordinated with 3-nitropyridine. Similar to that in Zn-TDPs, the 
bright areas are attributed to the porphyrin cores (the resolution of the coordinated Zn-TDP 
cores is lower compared to the resolution that is obtained with noncoordinated Zn-TDPs 
probably because of the fact that height variations are more important for coordinated Zn-
TDPs than for non-coordinated ones). In conclusion, free base TDPs, Zn-TDPs and 3-
nitropyridine coordinated Zn-TDPs, are all able to form a surface pattern. 
 
Moreover, it has been observed that the binding between 3-nitropyridine and Zn-TDP is 
stronger when the Zn-TDPs are assembled on HOPG. 
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Additionally, shifting of pyridine molecules between two contiguous physisorbed Zn-TDPs 
could be observed by STM, which was the first example reported of dynamic behavior of 
ligands coordinated to Zn-porphyrins at the solid-liquid interface. 
 
 
 
a
b
α
a
b
α
a
b
α a b
α
a b c
d
a b
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Figure 1: a) STM image (VT = 355 mV, iT = 17 pA, 8.1 nm × 8.1 nm) of a self-organized monolayer of free 
base 5,10,15,20-meso-tetradodecylporphyrin (TDP) on HOPG. Parameters of the unit cell are a=1.4±0.1 nm, 
b=1.9±0.2 nm, α=100±6º. b) STM image (VT = 383 mV, iT = 12 pA, 9.3 nm × 9.3 nm) of a self-organized 
monolayer of Zn-5,10,15,20-meso-tetradodecylporphyrin (Zn-TDP) on HOPG. Parameters of the unit cell are 
a=1.4±0.2 nm, b=2.0±0.2 nm, α=98±8º. c) STM image (VT = 761 mV, iT=13 pA, 20.8 nm × 20.8 nm) of a 
monolayer of 3-nitropyridine coordinated Zn-TDPs. Parameters of the unit cell are a=1.4±0.1 nm, b = 
1.9±0.1 nm, α = 86±8º. d) Proposed packing model of free-base TDP on HOPG. For each TDP, two alkyl 
chains out of four (those that are not adsorbed and disordered in solution) have been omitted for clarity. The 
packing of Zn-TDP and of Zn-TDP coordinated to 3-nitropyridine is similar within experimental error 
(reproduced from ref. 6). 
 
 
In this work, we functionalize the scaffold 5.3  with two pyridines moieties in order to 
coordinate the motor to a self-assembled monolayer of Zn-TDP, and the rotary function 
was verified by 
1H-NMR and UV/Vis measurements.  As dynamic behavior of 3-
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nitropyridine has already been observed, we can also expect to observe Brownian motion 
of this functionalized motor on the surface. Under irradiation conditions, which implies 
activation of the unidirectional rotary function of the motor, a deviation from Brownian 
motion,  i. e. stimulated motion, can be expected. This could be the first example of 
controlled motion of a light induced molecular rotary motor on a surface. STM 
xperiments are in progress.
8 
.3.2  Synthesis 
 
 oxalylchloride, and immediately reacted with trans 
.3, to give product 5.13 in 68% yield. 
 
e
 
 
5
The synthesis of  5.13 started with the commercially available nicotinic acid. It was 
converted in its acyl chloride 5.12 with
5
 
 
 
 
Scheme 6: Synthesis of functionalized molecular motor 5.13. 
 
that motor 5.13 can 
ccessfully coordinate to the Zn-TDP with both its pyridine moieties. 
 
5.12 
5.13 
trans 5.3 
 
In Figure 2 an example of conformation of motor 5.13 is shown, where the distance 
between the two nitrogens is about 17 Å. Considering that the distance between the zinc 
atoms in the self-assembled monolayer of Zn-TDP is 14 and 20 Å along the short and the 
long axis of the unit cell, respectively (Figure 1), it can be expected 
su
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a)  b) 
 
 
Figure 2: Stable cis (a) and stable  trans (b) isomers of motor 5.13 in a local minimum where the distance 
between the two nitrogen atoms is 17 Å, optimized at the PM3
9 level of theory. 
 
 
5.3.3  
1H-NMR measurements 
 
1H-NMR spectroscopy is a powerful tool for the study of molecular motors, in that each 
of the four isomers is characterized by different chemical shifts. The rotary cycle can 
therefore easily be followed with this spectroscopic method. Therefore, 
1H-NMR 
measurements were performed to verify the unidirectional rotary function of molecule 
5.13. 
 
 
In Figure 3a the aromatic region of the 
1H-NMR spectrum of a sample of motor trans 
5.13 in DCM-d2 at -50ºC is shown. The trans isomer can be recognized by the absorptions 
of the protons of the naphthalene moiety ranging from 7.4 to 8.5 ppm (see Chapter 2 and 
ref. 10). Also the absorptions from the nicotinic acid moiety are visible, and hardly show 
any shift for all the four conformations of 5.13 involved in the cycle.   
 
The solution was irradiated with a 365 nm lamp for 4 h, while kept at -75ºC in an 
ethanol bath, and then measured again at -50ºC (Figure 3b). A shift of all the absorptions of 
the motor unit is observed, implying full conversion to a new isomer. This isomer was 
identified as the unstable cis (the cis isomer where the benzylic carbons are in a pseudo-
equatorial position) by comparison with similar results previously reported (ref. 10 and 
Chapter 2). The high field shift of the naphthalene protons (6.5-7.7 ppm) is due to the 
proximity of the naphthalene moieties of the cis configuration. In this case the 
photostationary state (PSS) showed complete conversion, while in the corresponding non–
functionalized 5-membered ring motor the stable trans/unstable cis isomeric ratio at the 
PSS when irradiated in the same solvent and at the same wavelength was only about 12:88 
(see Chapter 2). 
 
An increase of the temperature of the sample of the irradiated 5.13 to 30ºC led again to 
a shift of all the 
1H-NMR signals of the naphthalene moiety, indicating the formation of 
another isomer (Figure 3c, acquired at -50ºC). Again by comparison with previously 
17 Å  17 Å 
  216Increasing the stability of functionalized molecular motors. Aa new short looped molecular motor, a 
molecular walker, and a functionalized molecular motor for liquid crystals. 
 
reported results (ref. 10 and Chapter 2), the new isomer formed was assigned to be the 
stable cis, characterized by a pseudo-axial orientation of the benzylic groups and by the 
absorptions of the protons of the naphthalene moiety in the 
1H-NMR spectrum from 6.3 to 
7.8 ppm. 
 
To study the second photochemical step, the same sample, containing now the stable 
cis isomer of molecule 5.13, was used. It was irradiated with a 365 nm lamp for 4 h in an 
ethanol bath at -75ºC. Successively, a 
1H-NMR spectrum was acquired at -50ºC (Figure 
3d). Comparison with analogous experiments (ref. 10 and Chapter 2) showed this isomer to 
be the unstable trans, characterized by a pseudo-equatorial position of the benzylic groups 
and a range of the protons of the naphthalene moiety in the 
1H-NMR spectrum shifted 
again to lower field (7.4-8.0 ppm range). The PSS showed remaining cis isomer in ca. 5% 
(see for example the two absorptions in the 6.4-6.7 ppm region),  while in the 
corresponding non–functionalized motor the conversion from stable cis to unstable trans at 
the PSS obtained after irradiation in the same solvent and at the same wavelength was 
about 90% (see Chapter 2). The sample was then allowed to warm up to 30ºC until the 
thermal conversion to the stable trans isomer (where the benzylic carbons are again in a 
pseudo-axial orientation) was complete (Figure 3e, acquired at -50ºC).  
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stable trans 
Hq          Hm        Ha      Hp  Hd   He  Hb   Hc     Hn       Hf   Hi         Hg
  b) 
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c) 
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d) 
     
unstable trans  Hq          Hm        Hp      Ha  Hd   He  Hb   Hc         Hn   Hf    Hi           Hg 
 
e) 
     
stable trans 
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Figure 3: 
1H NMR measurements of motor 5.13 in DCM-d2. a) stable trans; b) first irradiation (λ = 365 nm): 
unstable cis; c) first thermal step: stable cis; d) second irradiation (λ = 365 nm): unstable trans; e) second 
thermal step: stable trans. (All the spectra were acquired at -50ºC). 
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It can clearly be seen that the 
1H-NMR spectra in Figure 3a and Figure 3e are identical, 
proving that the structure obtained after the second thermal step is again the stable trans, 
and that one cycle of 360º has been successfully performed. So, in a final analysis, we can 
conclude that molecule 5.13 functions as a motor, in that no specific effect due to the new 
scaffold design and the nicotinic acid moiety could be detected. The full rotary cycle is 
shown in Scheme 7. 
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Scheme 7: Rotary cycle of 5.13. 
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5.3.4  UV/Vis measurements and kinetic study 
 
A 2.8·10
-5 M solution of motor trans 5.13 in dichloromethane was used for UV/Vis 
spectroscopic measurements. The UV/Vis spectra of the first half of the cycle are shown in 
Figure 4a. The spectrum at -50ºC was acquired, presenting two maxima at 347 and 375 nm. 
The sample was kept at this temperature and irradiated with 365 nm light until the PSS was 
reached. As in the 
1H-NMR experiments, complete conversion of trans 5.13 was observed 
after irradiation, and considering that the solvent and the light used were the same 
employed in this experiment (i. e. DCM and 365 nm), the same result can be expected 
here. This means that the UV/Vis spectrum at the PSS is representative (within the 
experimental error of 5% for 
1H-NMR) of the unstable cis 5.13. A bathochromic shift was 
observed, with a maximum at 405 nm and a decrease in absorption. Increasing the 
temperature to 30ºC for 1.5 h resulted in the UV/Vis spectrum to change to give a 
maximum at 373 nm (acquired at -50ºC). This UV/Vis spectrum is characteristic of a stable 
cis   isomer (ref. 10 and Chapter 2), and suggests therefore that the expected thermal 
rearrangement did occur. 
 
The same sample was used for the study of the second half of the cycle; UV/Vis spectra 
are shown in Figure 4b. Light of 365 nm was used to irradiate at -50ºC the solution of the 
previously obtained cis 5.13. When the PSS was reached, a UV/Vis spectrum was acquired 
at -20ºC. On the basis of the 
1H-NMR experiments, the PSS can be expected to consist of a 
stable cis/unstable trans isomeric ratio of 5:95. Also in this case a bathochromic effect 
(maximum at 402 nm) is clearly visible, together with an increase of absorption. After 
performing the second thermal step by an increase of temperature (up to 25ºC), the 
resulting UV/Vis spectrum was acquired at -50ºC, and was found to be similar to the 
spectrum of the initial isomer stable trans 5.13. The slight difference in the UV/Vis of the 
final spectrum after one cycle compared with the one of the initial stable trans 5.13 is 
expected since after completing one cycle the amount of trans is <100%, with some of the 
sample in the cis state (<5%). 
 
Isosbestic points were maintained for each of the four steps. The results are shown in 
Figure 5. Figure 5a and Figure 5c refer to the photochemical steps, and were obtained at 
regular intervals during irradiation; Figure 5b and Figure 5d refer to the thermal steps, and 
were obtained at regular intervals during the thermal inversion. 
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b) 
Figure 4: UV/Vis study of molecule 5.13 (2.8·10
-5 M in DCM). a) first half of the cycle: stable trans (thick 
line), PSS after irradiation (main product: unstable cis, thin line), after thermal inversion (main product: 
stable cis, dotted line); b) second half of the cycle: sample after the first thermal inversion (main product: 
stable cis, thick line), PSS after irradiation (main product: unstable trans, thin line), after thermal inversion 
(main product: stable trans, dotted line). 
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Figure 5: UV/Vis irradiation and thermal inversion experiments for 5.13 (λ = 365 nm). a) photochemical step 
from stable trans to unstable cis; b) thermal step from unstable cis to stable cis; c) photochemical step from 
stable cis to unstable trans; d) thermal step from unstable trans to stable trans. 
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UV/Vis spectroscopic measurements were also performed to study the kinetics of the 
two thermal steps. 
A 300 nm filter was mounted on the exit of the UV/Vis light source to cut off high 
energy light that might otherwise induce unwanted photochemistry during the thermal 
conversion. The changes in UV/Vis absorption spectrum as a function of time due to the 
thermal inversion at the specific wavelengths at different temperatures (15, 20, 25 and 
30ºC for the thermal step of unstable cis 5.13 to stable cis 5.13 and -10, 0, +5 and +10ºC 
for the thermal step of unstable trans 5.13 to stable trans 5.13) were measured. From these 
data the rate constants (k) for the first-order thermal helix inversion processes at the 
different temperatures were obtained. The standard enthalpy of activation (Δ
‡Hº) and the 
standard entropy of activation (Δ
‡Sº) were determined from the rate constant by means of 
the Eyring plot, and from this, the Gibbs free energy of activation (Δ
‡G) and the half life 
(t1/2) at 20ºC were calculated. The Eyring plots of the first thermal step (unstable cis to 
stable cis) and of the second thermal step (unstable trans to stable trans) are shown in 
Figure 6a and Figure 6b, respectively. The obtained termodynamic data are reported in 
Table 1. 
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Figure 6: Eyring plot of motor 5.13, relative to: a) the first thermal step (unstable to stable cis), and b) the 
second thermal step (unstable to stable trans). 
 
 
 
 unstable  to  stable  trans unstable  to  stable  cis 
k
20ºC  2.5·10
-2 s
-1  5.5·10
-4 s
-1 
Δ
‡Hº  57 kJ·mol
-1  83 kJ·mol
-1 
Δ
‡Sº  -80 J·K
-1·mol
-1  -24 J·K
-1·mol
-1 
Δ
‡G20ºC  81 kJ·mol
-1  90 kJ·mol
-1 
t1/2
20ºC  28 s  21 min 
 
Table 1: Thermodynamic data for motor 5.13. 
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It is of interest to compare the speed of motor 5.13 with the speed of another related 
motor already studied. In Table 2 the half lives of motor 5.13, of benzyl motor 5.14 
(Chapter 6) which represents the non-functionalized version of 5.13, and the unsubstituted 
methyl motor,
10 are summarized. 
 
 
 
 
O
O
O
N
O
N
5.13 
 
5.14 
 
t1/2
20ºC 
unstable-stable 
trans 
28 s  37 s  18 s 
t1/2
20ºC 
unstable-stable cis  21 min  13 min  74 min 
 
Table 2: Comparison of the half lives at 20ºC of the unstable isomers of motor 5.13 with motor 5.14 (see 
Chapter 6) and the methyl motor (see ref. 10). 
 
 
It can be seen that the order of magnitude of the half lives of all the three considered 
motors is the same for both the unstable trans and the unstable cis. Therefore, not only the 
functionalization of molecular motor 5.13 does not prevent the rotary motion, but it also 
does not affect the speed of the rotation significantly. 
 
 
 
5.4  The LC dopant motor 
 
 
5.4.1  Introduction 
 
Liquid crystals (LCs) are a state of matter that has properties between those of a 
conventional liquid and those of a solid crystal, and are therefore often referred to as the 
“fourth state of matter”. They can be found both in the natural world (for example many 
proteins and cell membranes, as well as butterfly wings, are LCs) and in technological 
applications (like modern electronic displays). Mesogens (liquid crystal forming 
molecules) have weak anisotropic interactions which can cause either positional or 
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directional orientation. Though the degree of organization is less than is the case for a 
crystalline system, it’s ordering is significantly higher than in a liquid. As a consequence of 
the high orientational and dynamic nature of liquid crystals, these systems are susceptible 
to external stimuli such as magnetic and electric fields, and temperature.
11 Also additives 
can have a large impact on the type of liquid crystalline phase that is formed. 
 
Rigid, rod-like mesogens can form phases called calamitic, which can be subdivided in 
two categories: the smectic and nematic phases (Figure 7).
11 In the nematic phase there is 
directional ordering along one director. The smectic phase presents also an additional 
positional order, as the molecules in these liquid crystalline systems appear ordered in 
layers. 
 
A nematic phase can also be chiral, in which case it is usually referred to as a rusted 
nematic or cholesteric phase (Figure 7d).
12 It can be generated from chiral nematic mesogens 
or from achiral mesogens to which a non-racemic chiral dopant has been added.
13 
In the cholesteric phase, the mesogens show a twisting along the director, showing 
helical order, with their axis perpendicular to the director. The finite twist angle between 
adjacent molecules is due to their asymmetric packing, which results in longer-range chiral 
order. A wide range of chiral dopant molecules have been used to induce this helicity 
among various mesogens (TADDOL derivatives are a classical example as some of the 
most efficient
14), conferring to the generated helical supramolecular structure many unique 
optical properties such as selective reflection of circularly polarized light, high optical 
rotatory power, circular dichroism and electro-optic effects.
15 
 
 
 
                   
a)  b) c)  d) 
 
Figure 7: Schematic representation of liquid crystal phases: a) calamitic nematic phase, b) calamitic smectic 
A phase, c) calamitic smectic C phase, d) cholesteric phase. The rods represent the local direction of the 
director. In the cholesteric phase, the length for a 360º rotation in the director is called “pitch” (reproduced 
from ref. 16). 
 
 
Beside chiral molecules, also chiral switchable molecules have been used as dopants: 
the two conformations of a switch can affect the LC phase differently, resulting in an 
externally addressable LC phase.
17 It has been demonstrated that also our unidirectional 
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molecular motors can be used as chiral dopants, and that under irradiation of the sample 
the cholesteric phase reorganizes in a rotary fashion.
18 The molecular motors developed in 
our group have been proven to be among the most efficient switchable dopants for liquid 
rystal mesogens up to date.
19 
.4.2  Synthesis 
 
allowed to react with scaffold trans 5.3 to give product 
.17 in high yield. 
 
c
 
 
5
The functionalized molecular motor 5.17 was synthesized starting from the 
commercially available 4'-pentylbiphenyl-4-carbonitrile (5CB), which was hydrolyzed to 
the corresponding carboxylic acid 5.15 in good yield following a literature procedure.
20 
Acid  5.15 was then activated forming the correspondent acyl 5.16 by meant of 
oxalylchloride, which was readly 
5
CN COOH
H2SO4,
HAc
86%
oxalylchloride,
DMF
96%
O
O
O
O
DCM DCM
DMAP
COCl
 
 
Scheme 8: Synthesis of functionalized molecular motor 5.17. 
 
 motor to the liquid crystals by 
dopting a helical orientation with respect to each other. 
 
5.15 5.16  5.17 
trans 5.3 
 
An example of a conformation of motor 5.17 is shown in Figure 8. The two biphenyl 
moieties are expected to ‘transfer’ the chirality of the
a
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Figure 8: An example of a conformation of motor 5.17, where the two biphenyl units are interacting forming 
a helical motif. The motor moiety (dark) was optimized at the PM3 level
9, whilst the arms were separately 
optimized using the AMBER 03 force field.
21 
 
 
 
5.4.3  
1H-NMR measurements 
 
As for motor 5.13, 
1H-NMR measurements were performed to verify the unidirectional 
rotary function of molecule 5.17. 
In Figure 9a the region of the 
1H-NMR spectrum from 6 to 9 ppm of a sample of trans 
motor 5.17 in DCM-d2 at -50ºC is shown. The trans isomer can be recognized by the 
absorptions of the naphthalene moiety ranging from 7.4 to 8.5 ppm (see Chapter 2 and ref. 
10). Also the absorptions from the mesogenic moiety are visible, and remain almost 
unshifted in all the four conformations of the cycle.   
 
This solution was irradiated with a 365 nm lamp for 4 h, while kept at -70ºC in an 
ethanol bath, and measured again at -50ºC (Figure 9b). A shift of all the absorptions of the 
motor moiety is observed, implying full conversion to a new isomer. As the range of the 
aromatic absorptions of the naphthalene moiety is 6.5-7.7 ppm, this isomer was identified 
as the unstable cis (the cis isomer where the benzylic moieties are in a pseudo-equatorial 
position) by comparison with similar results reported previously (ref. 10 and Chapter 2). In 
this case 
1H-NMR spectroscopy shows that the photostationary state (PSS) essentially 
complete conversion is reached, while in the corresponding non–functionalized 5-
membered ring parental motor the stable trans/unstable cis isomeric ratio at the PSS when 
irradiated in the same solvent and at the same wavelength was only ca. 12:88 (see Chapter 
2). 
 
An increase in the temperature of the irradiated sample of 5.17 to 30ºC led again to a 
shift of all the 
1H-NMR signals of the naphthalene moiety, indicating the formation of 
another isomer (Figure 9c, acquired at -50ºC). Again by comparison with previously 
reported results (ref. 10 and Chapter 2), the new isomer formed was identified as the stable 
cis  isomer, characterized by a pseudo-axial position of the benzylic carbons and the 
absorptions of the naphthalene moiety in the 
1H-NMR spectrum range from 6.3 to 7.8 ppm. 
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To study the second photochemical step, the same sample, containing now the stable 
cis isomer of molecule 5.17, was used. The solution was irradiated with a 365 nm light for 
4 h in an ethanol bath at -70ºC. Subsequently, a 
1H-NMR spectrum was acquired at -50ºC 
(Figure 9d). Comparison with analogous experiments (ref. 10 and Chapter 2) showed this 
isomer to be the unstable trans, characterized by a pseudo-equatorial position of the 
benzylic carbons and a range of the protons of the naphthalene moiety in the 
1H-NMR 
spectrum from 7.4 to 8.0 ppm. Also in this case 
1H-NMR spectroscopy showed complete 
conversion at the PSS, while in the corresponding non–functionalized motor the 
conversion from stable cis to unstable trans at the PSS obtained upon irradiating in the 
same solvent and at the same wavelength was about 90% (see Chapter 2).  
 
The sample was then allowed to warm up to 30ºC until the thermal conversion to the 
stable trans isomer (where the benzylic carbons are again in a pseudo-axial orientation) 
was complete (Figure 9e, acquired at -50ºC).  
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Figure 9: 
1H NMR measurements of motor 5.17 in DCM-d2. a) stable trans; b) after first irradiation (λ = 365 
nm): unstable cis; c) after first thermal step: stable cis; d) after second irradiation (λ = 365 nm): unstable 
trans; e) after second thermal step: stable trans. (all the spectra were acquired at -50ºC). 
  
a)  stable trans 
            Ha       Hm     Hd    He   Hn  Hb Hp Hc   Hf    Hq     Hi Hg                      
b) 
     unstable cis 
                    Hm              Hn    He   Hp Hd  Hg Hf  Hq   Hi   Ha   Hc              Hb          
c)  stable cis 
         Hm                  Hn      He Hd Hp  Hf   Hq       Hg+Hi       Hc      Ha       Hb 
d) 
       Hm     Ha  Hd  He Hn  Hb  Hq  Hc  Hf    Hp      Hi    Hg                    
e) 
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It is apparent that the 
1H-NMR spectra in Figure 9a and Figure 9e are identical, proving 
that the structure obtained after the second thermal step is again the stable trans, and that 
one complete four stage cycle of 360º rotation has been successfully performed.  
 
In a final analysis, we can conclude that molecule 5.17 functions as a motor, in that no 
specific effect due to the new designed scaffold and the mesogenic moieties could be 
detected. The full rotary cycle is shown in Scheme 9. 
 
 
 
 
R
R
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R  
λ = 365 nm 
(R,R)-(P,P) 
stable trans 5.17 
(R,R)-(M,M) 
unstable cis 5.17 
Δ  Δ 
λ = 365 nm 
(R,R)-(M,M) 
unstable trans 5.17 
(R,R)-(P,P) 
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Scheme 9: Rotary cycle of 5.17. 
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5.4.4  UV/Vis measurements and kinetic study 
 
A 3.5·10
-5 M solution of motor trans 5.17 in dichloromethane was used for UV/Vis 
spectroscopy measurements. The UV/Vis spectra of the first half of the cycle are shown in 
Figure 10a. The spectrum at -50ºC was acquired, presenting two maxima at 356 and 375 
nm. The sample was kept at this temperature and irradiated with a 365 nm light until the 
PSS was reached. As in the NMR experiments a complete conversion of trans 5.17 was 
observed after irradiation, and considering that the solvent and the light used were the same 
in this experiment, the same conversion can be expected here. This means that the UV/Vis 
spectrum at the PSS is representative (within the accepted error of 3% for 
1H-NMR 
spectroscopy) of the unstable cis  5.17. A bathochromic shift was observed, with a 
maximum at 405 nm and a decrease in absorption. Increasing the temperature to 30ºC for 
about 1 h resulted in a UV/Vis spectrum with a maximum at 372 nm (acquired at -50ºC). 
This spectrum is characteristic of a stable cis   isomer, and suggests therefore that the 
expected thermal rearrangement did occur. 
 
The same sample was used for the study of the second half of the cycle; UV/Vis spectra 
are shown in Figure 10b. Light at 365 nm was used at -50ºC to irradiate the previously 
obtained stable cis 5.17. When the PSS was reached, a UV/Vis spectrum was acquired at -
50ºC. On the basis of the 
1H-NMR experiments, the PSS is known to contain >95% 
unstable trans. Also in this case a bathochromic shift (maximum at 402 nm) is clearly 
visible, together with an increase in absorption. After performing the second thermal step 
by increase of temperature of the solution (up to 20ºC), the resulting UV/Vis spectrum was 
acquired at -50ºC, and was found to be similar to the spectrum of the initial isomer, stable 
trans 5.17. The slight difference in the final UV/Vis spectrum after one cycle compared 
with that of the initial stable trans 5.17 could be rationalized considering the possibility 
that after completing one cycle we have no longer 100% trans, but a small amount of the 
motor (<3%)  is left in the cis isomer state. 
 
Isosbestic points were observed for each of the four steps. The results are shown in 
Figure 11. Figure 11a and Figure 11c refer to the photochemical steps, and spectra were 
obtained at regular intervals during irradiation; Figure 11b and Figure 11d refer to the 
thermal steps, and spectra were obtained at regular intervals during the thermal inversion. 
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a) b) 
Figure 10: UV/Vis study of molecule 5.17 (3.5·10
-5 M in DCM). a) first half of the cycle: stable trans (thick 
line), PSS after irradiation (main product: unstable cis, thin line), after thermal inversion (main product: 
stable cis, dotted line); b) second half of the cycle: sample after the first thermal inversion (main product: 
stable cis, thick line), PSS after irradiation (main product: unstable trans, thin line), after thermal inversion 
(main product: stable trans, dotted line). 
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Figure 11: UV/Vis irradiation experiments of molecule 5.17 in DCM (λ = 365 nm). a) photochemical 
step from stable trans to unstable cis; b) thermal step from unstable cis to stable cis; c) photochemical 
step from stable cis to unstable trans; d) thermal step from unstable trans to stable trans. 
 
 
  231Chapte 5 
UV/Vis spectroscopic measurements were also performed to study the kinetics of the 
two thermal steps. 
A 300 nm filter was mounted on the exit of the light source in order to cut off short 
wavelenghts that might otherwise induce unwanted photochemistry during the thermal 
conversion. The changes in UV/Vis absorption as a function of time due to the thermal 
inversion at the specific wavelengths were measured at different temperatures (15, 20, 25 
and 30ºC for the thermal step of unstable cis 5.17 to stable cis 5.17 and -15, -10, 0 and 
+5ºC for the thermal step of unstable trans 5.17 to stable trans 5.17). From these data the 
rate constants (k) for the first-order thermal helix inversion processes at the different 
temperatures were obtained. The standard enthalpy of activation (Δ
‡Hº) and the standard 
entropy of activation (Δ
‡Sº) were determined from the rate constant by means of the Eyring 
plot, and from this, the Gibbs free energy of activation (Δ
‡G) and the half life (t1/2) at 20ºC 
were calculated. The Eyring plots of the first thermal step (unstable cis to stable cis) and of 
the second thermal step (unstable trans to stable trans) are shown in Figure 12a and Figure 
12b, respectively. The obtained termodynamic data are reported in Table 3. 
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Figure 12: Eyring plot of motor 5.17, relative to: a) the first thermal isomerization step (unstable to stable 
cis), and b) the second thermal isomerization step (unstable to stable trans). 
 
 
 
 unstable  to  stable  trans unstable  to  stable  cis 
k
20ºC  2.5·10
-2 s
-1  4.9·10
-4 s
-1 
Δ
‡Hº  61 kJ·mol
-1  80 kJ·mol
-1 
Δ
‡Sº  -68 J·K
-1·mol
-1  -35 J·K
-1·mol
-1 
Δ
‡G20ºC  81 kJ·mol
-1  90 kJ·mol
-1 
t1/2
20ºC  27 s  24 min 
 
Table 3: Thermodynamic data for motor 5.17. 
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It is of interest to compare the speed of motor 5.17 with the speed of other related 
motors already studied. In Table 4 the half lives of the functionalized motors 5.17 and 5.13, 
and the benzyl motor 5.14 (Chapter 6), which represents their non-functionalized version, 
are summarized. 
 
The half lives of motor 5.17 were found to be very similar to those of the previously 
described motor 5.13, and of the same order of magnitude of the benzyl motor 5.14, 
Therefore, also in this case, the functionalization of molecular motor 5.17 not only does not 
prevent the rotary function, but it also does not affect the speed of the rotation 
significantly. 
 
 
  5.17 
 
5.13  5.14 
t1/2
20ºC
 
unstable-
stable trans 
27 s  28 s  37 s 
t1/2
20ºC
 
unstable-
stable cis 
24 min  21 min  13 min 
 
Table 4: Comparison of the half lives at 20ºC of the unstable isomers of motor 5.17, 5.13 and 5.14, measured 
in the same solvent (DCM). 
 
 
An application for motor 5.17 would be as dopant for LC in order to induce a 
cholesteric phase, the properties of which can be controlled by irradiation. For doing so, a 
resolution of the racemic material is necessary. Unfortunately, all the HPLC column tested 
at the time of the project were ineffective for this purpose.
22  
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5.5  A new looped motor 
 
 
5.5.1  Introduction 
 
In Chapter 3 a short loop was covalently connected to a molecular motor, forming a 16 
membered ring (molecule 3.39). It has been shown that this loop prevents the molecular 
motor from rotating, as it is to narrow to allow the motor moiety to pass through, changing 
the motor into a chiroptical switch with no ability to perform thermal rearrangements. 
Moreover, it has been found, following hydrogenating experiments, that a double bond in 
the loop influences the behavior of the molecule, and a thermal conversion from the 
equatorial trans to the axial cis isomer can occur in the version lacking the olefinic moiety 
in the loop. 
 
In this chapter, the new scaffold cis 5.3 is used to produce a new looped motor, which 
forms a 20 membered ring. Of note with respect to molecule 3.39, is that not only the size 
of the macrocycle is four atoms larger, but also that it appears more rigid, due to the 
presence of two aromatic rings. 
 
 
5.5.2  Synthesis 
 
The synthesis of compound 5.20 is shown in Scheme 10. Motor cis  5.3 was 
deprotonated with sodium hydride and then treated with allylbromide to give compound 
5.18 in 50% yield. A ring closing methatesis (RCM) was performed with 5 mol% of first 
generation Grubbs’ catalyst, which gave a new double bond in 5.19 as a mixture of isomers 
with E and Z configuration. This is evident by the presence of two different signals in the 
1H-NMR spectrum at 5.70 and 5.83 ppm, which belong to the vinylic protons of the E and 
of the Z conformation, respectively, and the sum of the integrals of which results to be 
equivalent to 2 protons, in agreement with the expected molecular structure. On the basis 
of these integrals, the E/Z ratio was calculated to be 5/1. The total yield was 27%, and also 
44% of the starting material was recovered. It has to be remarked that with this reaction, 
the same product is obtained from the starting material 5.19 with both the E and the Z 
geometries. A selective hydrogenation with Wilkinson catalyst of the alkene in the loop 
was performed on 5.19 in dry and degassed toluene to obtain the final product 5.20 in 15% 
yield. Under these conditions the alkene is reduced regioselectively with respect to the 
other alkene of the motor moiety. This is probably due to the fact that the double bond of 
the motor moiety, being tetrasubstituted and in the core of the molecule, is very hindered, 
and can not bind (or has a low binding constant) the bulky Wilkinson’s catalyst. On the 
contrary, the double bond of the loop has enough space to allow the action of the rodium π-
complex necessary for the reaction to proceed. 
1H-NMR analysis showed indeed that the 
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absorptions of the vinylic protons (5.70 and 5.83 ppm) disappear, while all the absorptions 
in the aromatic region remain unchanged. 
 
 
 
 
5.3  5.18 
5.19 5.20   
 
Scheme 10: Synthesis of 5.20. 
 
 
5.5.3  UV/Vis measurements 
 
A 4.3·10
-5 M solution of cis 5.20 in dichloromethane was used for UV/Vis spectroscopy 
measurements. The spectrum of this solution was acquired at -50ºC (Figure 13, thick line), 
and presents a maximum at 375 nm. The sample was kept at this temperature and irradiated 
with a 365 nm light until the PSS was reached. A bathochromic shift was observed, with 
two maxima at 402 and 422 nm (Figure 13, thick dashed line), together with an increase in 
absorbance. A bathochromic shift is indicative of an equatorial conformation of the 
benzylic groups, and it is interesting to note that in this case two maxima are observed 
rather then one. Increasing the temperature to 20ºC for about 8 min, led to a UV/Vis 
spectrum with two maxima at 356 and 371 nm (acquired at -50ºC; Figure 13, thin line). 
This spectrum is characteristic of a stable trans  isomer, and suggests therefore that not 
only a thermal rearrangement occurred, but also that the product obtained after the 
irradiation was the unstable trans. 
A further irradiation with a 365 nm light was performed at -50ºC. The UV/Vis 
spectrum acquired at the PSS (Figure 13, thin dashed line) appears to be very similar to the 
one relative to the first PSS, which indicates that the unstable trans isomer is formed again. 
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Indeed, when the temperature was raised at 20ºC, a thermal change was observed, with a 
final spectrum (Figure 13, dotted line) identical to the one obtained after the first thermal 
step, indicative of the stable trans isomer. 
The fact that the spectra of the second PSS and thermal step present a lower absorbance of 
the first ones, may be due to the formation of side products that absorb at lower 
wavelenghts then 250 nm. 
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Figure 13: UV/Vis spectra of 5.20 (4.3·10
-5 M in DCM). Thick line: stable cis; thick dotted line: first 
photostationary state (unstable trans), thin line: first thermal step (stable trans), thin dotted line: second 
photostationary state (unstable trans again), more dotted thin line: second thermal step (stable trans again). 
(all the spectra were measured at -50ºC). 
 
 
In conclusion, the UV/Vis experiments indicate for 5.20 the working scheme shown in 
Scheme 11. Photoirradiation of stable cis  5.20 provides ustable trans  5.20, which can 
thermally isomerize to stable trans 5.20. However, photoirradiation of stable trans 5.20 
provided again unstable trans  5.20 as the main product. Therefore, the rotation of the 
motor unit in 5.20 is prevented by the loop which, due to steric hindrance, does not allow 
the photoisomerization of the stable trans isomer to the unstable cis. 
These results are consistent with those of the small looped motor discussed in Chapter 3 
(3.32), where also a small loop has been demonstrated to block the rotation of the motor 
unit. However, in 3.32 no thermal rearrangement was observed. 
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Scheme 11: Working scheme of 5.20. 
 
 
The presence of isosbestic points was verified for each of the above described steps. 
The results are shown in Figure 14. It can be seen that in every case isosbestic points were 
found, which indicates that in the time scale of the experiments, the processes are clean in 
any of the four steps studied. 
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Figure 14: Photochemical study of 5.20 (4.3·10
-5 M in DCM) by UV/Vis spectroscopy: a) first PSS (λ = 365 
nm, -50ºC); b) first thermal step (20ºC); c) second PSS (λ = 365 nm, -50ºC); d) second thermal step (20ºC). 
 
 
 
5.6  Conclusions 
 
 
A new functionalized molecular motor has been synthesized and used as scaffold to 
build systems of novel topology: a potential molecular walker functionalized with two 
pyridines, a dopant for liquid crystals functionalized with two mesogenic units, and a 
looped motor with a 20 membered macrocycle. The molecular walker 5.13 and the liquid 
crystal dopant 5.17 have been shown to preserve their unidirectional rotary function, and 
the kinetic study has demonstrated that the functionalization does not affect the thermal 
isomerization steps significantly compared with the corresponding non-functionalized 
molecular motor 5.14. They will be applied, respectively, on a Zn-TPP monolayer and in a 
liquid crystal matrix in future experiments. In the case of the looped motor, in order for the 
motor to rotate, one naphthaline moiety must pass through the loop. The experimental 
observations have shown that the rotation does not occur, indicating therefore that the loop 
is too small. As a consequence, the molecule has been found to exhibit a switch behavior: 
starting from the stable cis isomer, it can perform photoisomerization to the unstable trans 
and subsequently thermal conversion to the stable trans. At this point, after a further 
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irradiation, rather then to the unstable cis like in a standard case, the molecule converts 
back to the unstable trans isomer. 
 
 
 
5.7  Experimental section 
 
 
5.7.1  General remarks 
 
For other general experimental information, see general remarks  in the experimental 
section of Chapter 2. 
 
 
5.7.2  Computational details 
 
All the calculations were performed with the Hyperchem 7.5 software package.
23 
Compound 5.13 was optimized at the PM3
9 level of theory.  
In case of compound 5.17, the motor moiety was optimized at the PM3 level; 
subsequently the remaining part of the molecule was optimized using the AMBER 03 force 
field
21 keeping the atoms of the motor unit frozen. 
In both cases, the motor units have been optimized at their minimum of energy. For the 
remaining part of the molecules, no conformational analysis was carried out, therefore the 
structures represent only local minima. 
 
 
 
 
  
Deprotected motor (5.3): tetrabutyl ammonium fluoride (TBAF) (2.00 ml of a 1 M 
solution, 2.00 mmol) was added dropwise to an ice cold dry THF (25 ml) solution of 
protected motor 5.11 (398 mg, 0.51 mmol) under a nitrogen atmosphere. The solution was 
left warming up to room temperature, and stirred for 1 h. The solvent was removed by 
rotary evaporation. Water (5 ml) was added, and the mixture was extracted with ethyl 
acetate (3 × 30 ml). The organic layers were collected, dried with MgSO4, filtered, and the 
solvent was eliminated under vacuum. Flash column chromatography on silica gel using 
toluene with a 3-6% ethyl acetate gradient as eluent (Rf = 0.30 and 0.45 in 
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toluene/ethylacetate 90:10 for the cis and trans isomer, respectively) gave cis 5.3 and trans 
5.3 both as yellow solids. The average yield was calculated to be 94% for cis 5.3 and 68% 
for trans 5.3. 
 
cis: 
1H NMR (400 MHz, CDCl3) δ ppm 7.71 (d, J = 8.07 Hz, 2H), 7.65 (d, J = 8.18 Hz, 
2H), 7.45 (d, J = 8.14 Hz, 2H), 7.00-6.94 (m, 6H), 6.77 (d, J = 8.47 Hz, 4H), 6.58 (d, J = 
8.47 Hz, 2H), 6.41 (t, J = 8.25 Hz, 2H), 4.66 (s, 2H), 3.12-3.04 (m, 4H), 2.64-2.54 (m, 
4H), 2.50 (dd, J = 13.47, 6.92 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ ppm 156.8, 143.7, 
139.2, 137.2, 133.1, 132.0, 130.1, 129.5, 128.6, 127.7, 126.3, 124.2, 123.9, 123.2, 114.4, 
50.2, 39.8, 38.4. HRMS: calcd. for C40H31O2 [M-H
+]
-: 543.23186, found 543.23167. 
 
trans: 
1H NMR (400 MHz, CDCl3) δ ppm 8.41 (d, J = 8.16 Hz, 2H), 7.99 (d, J = 8.39 Hz, 
2H), 7.83 (d, J = 8.09 Hz, 2H), 7.62 (t, J = 8.16 Hz, 2H), 7.56 (t, J = 7.91 Hz, 2H), 7.41 
(d, J = 8.14 Hz, 2H), 6.83 (d, J = 8.46 Hz, 4H), 6.64 (d, J = 8.52 Hz, 4H), 4.63 (s, 2H), 
3.49 (d, J = 14.10 Hz, 2H), 3.22-3.14 (m, 2H), 2.69 (dd, J = 14.95, 5.28 Hz, 2H), 2.50-
2.34 (m, 4H). 
13C NMR (101 MHz, CDCl3) δ ppm 165.2, 149.1, 141.5, 140.8, 138.9, 
132.9, 130.3, 129.9, 128.7, 128.2, 127.9, 125.9, 124.8, 124.0, 121.1, 50.1, 37.4, 36.7. 
HRMS: calcd. for C40H31O2 [M-H
+]
-: 543.23186, found 543.23187. 
 
 
 
 
2-(4-Hydroxybenzyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (5.4): this 
compound was obtained in the same reaction to provide 5.9 and isolated by flash column 
chromatography. Rf = 0.29 in toluene/ethyl acetate 95:5. Very viscous yellow oil (1.91 g, 
6.62 mmol, 53%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.18 (d, J = 8.06 Hz, 1H), 8.01 (d, J = 8.39 Hz, 1H), 
7.88 (d, J = 8.13 Hz, 1H), 7.68 (t, J = 7.67 Hz, 1H), 7.56 (t, J = 7.55 Hz, 1H), 7.43 (d, J = 
8.39 Hz, 1H), 7.12 (d, J = 8.41 Hz, 2H), 6.82 (d, J = 8.47 Hz, 2H), 5.90 (br s, 1H), 3.37 
(dd, J = 14.02, 4.34 Hz, 1H), 3.22 (dd, J = 17.64, 7.26 Hz, 1H), 3.10-3.02 (m, 1H), 2.93 
(dd, J = 17.62, 3.27 Hz, 1H), 2.68 (dd, J = 14.01, 10.15 Hz, 1H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 209.1, 157.3, 154.3, 136.0, 132.6, 131.3, 130.3, 129.9, 129.4, 128.9, 128.1, 
126.5, 123.9, 123.8, 115.4, 49.5, 36.4, 32.5. HRMS: calcd. for C20H16O2: 288.1150, found 
288.1164. Elem. anal. (%): calcd. for C20H16O2: C, 83.31; H, 5.59; found C, 83.62; H, 5.69. 
 
 
 
Br
 
2-(Bromomethyl)naphthalene:  this compound was prepared according to a literature 
procedure.
1 2-Methylnaphthalene (14.3 g, 101 mmol), N-bromosuccinamide (NBS) (17.5 
g, 101 mmol) and dibenzoylperoxide (100 mg, 0.4 mmol) were dissolved in CCl4 (150 ml) 
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and heated at reflux for 1 d with stirring. The solution was then cooled at room 
temperature, filtered, and the solvent was eliminated under reduced pressure. The light 
brown residue was purified by recrystallization from pentane, which gave 2-
(bromomethyl)naphthalene as white crystals. Alternatively, a better purification from 
succinamide was found to filter over a short path of silica gel eluting with pentane. 
Evaporation of the solvent under vacuum gave the product as white solid (15.8 g, 71 mmol, 
71%).  
1H NMR (400 MHz, CDCl3) δ ppm 7.86-7.81 (m, 4H), 7.53-7.48 (m, 3H), 4.68 (s, 2H). 
13C NMR (50 MHz, CDCl3)  δ 137.1, 135.2, 135.1, 130.7, 129.9, 129.8, 129.7, 128.7, 
128.5, 128.4, 35.6. 
 
 
 
 
Methyl 2-(4-(benzyloxy)benzyl)-3-(naphthalen-2-yl)propanoate (5.5): diisopropylamine 
(DIPA) (16.3 ml, 124 mmol) was dissolved in freshly distilled THF (400 ml) at -80ºC. n-
Butyl lithium (77.4 ml of a 1.6 M solution, 124 mmol) was added dropwise while stirring 
under a nitrogen atmosphere. After a period of 20 min at 0ºC, the solution was cooled 
down to -80ºC and ester 5.6 (32.06 g, 118 mmol) previously diluted in freshly distilled 
THF (100 ml) was added dropwise. After 1 h stirring under a nitrogen atmosphere, during 
which period the temperature was not allowed to raise above -50ºC, 2-
(bromomethyl)naphthalene (33.9 g, 153.4 mmol) dissolved in freshly distilled THF (50 ml) 
was added at -80ºC via a cannula. The mixture was allowed to warm up to room 
temperature overnight. Subsequently, the reaction was quenched with saturated aqueous 
NH4Cl and the product was extracted two times with 200 ml of ethyl acetate; the organic 
layers were collected, dried with MgSO4 and filtered. Further purification was achieved by 
flash column chromatography on silica gel using heptane with a 0 to 80% toluene gradient 
as eluent (Rf = 0.22 in heptane/toluene 1:1). The product was collected as a yellow oil 
(31.3 g, 76.3 mmol, 62%). Further purification can be achieved by recrystallization from 
ethyl acetate/heptane, which gives product 5.5 as white crystals. 
m.p. = 73.5-74.2ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.90-7.79 (m, 3H), 7.67 (s, 1H), 
7.54-7.40 (m, 6H), 7.40-7.32 (m, 2H), 7.15 (d, J = 8.57 Hz, 2H), 6.96 (d, J = 8.61 Hz, 2H), 
5.08 (s, 2H), 3.54 (s, 3H), 3.23-2.97 (m, 4H), 2.85 (dd, J = 13.52, 5.81 Hz, 1H). ).
 13C 
NMR (101 MHz, CDCl3) δ ppm 175.3, 157.3, 137.0, 136.6, 133.4, 132.129, 131.2, 129.8, 
128.4, 127.9, 127.8, 127.5, 127.4, 127.4, 127.2, 127.1, 125.9, 125.3, 114.7, 69.895, 51.3, 
49.6, 38.1, 37.3. HRMS: calcd. for C28H26O3: 410.1882, found 410.1878. Elem. anal. (%): 
calcd. for C28H26O3: C, 81.92; H, 6.38; found C, 81.83; H, 6.40.  
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Methyl 3-(4-(benzyloxy)phenyl)propanoate (5.6): ester  5.7  (27 g, 150 mmol) was 
dissolved in 300 ml of freshly distilled THF and cooled at 0ºC. NaH (8.8 g of a 50% oil 
mixture, 184 mmol) was added portionwise with vigorous stirring. Benzylbromide (20 ml, 
168 mmol) freshly purified by filtration over silica, was added to the mixture. The mixture 
was heated at reflux for 6 h, and quenched with sat. aq. NH4Cl. The volatiles were 
removed under reduced pressure and the resulting mixture was extracted with diethylether 
(3 × 100 ml). The combined organic  phases were dried over anhydrous Na2SO4 and 
filtered. Recrystallization from diethylether gave the product as white square crystals (32.1 
g, 118 mmol, 77%). 
m.p. = 39.1-40.1ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.48-7.32 (m, 5H), 7.15 (d, J = 
8.70 Hz, 2H), 6.94 (d, J = 8.67 Hz, 2H), 5.06 (s, 2H), 3.69 (s, 3H), 2.93 (t, J = 7.78 Hz, 
2H), 2.63 (t, J = 7.78 Hz, 2H).
 13C NMR (101 MHz, CDCl3) δ ppm 173.3, 157.2, 137.0, 
132.7, 129.1, 128.4, 127.8, 127.3, 114.7, 69.9, 51.4, 35.8, 30.0. HRMS: calcd. for 
C17H18O3: 270.12558, found 270.12477. Elem. anal. (%): calcd. for C17H18O3: C, 75.53; H, 
6.71; found C, 75.60; H, 6.72.  
 
 
 
HO
O
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Methyl 3-(4-hydroxyphenyl)propanoate (5.7): one drop of concentrated H2SO4 was 
added to a stirred solution of 3-(4-hydroxyphenyl)propanoic acid (25 g, 150 mmol) in 
methanol (200 ml). The mixture was heated at reflux for 8 h. Sat. aq. Na2CO3 (20 ml) was 
added, and the solution was concentrated under reduced pressure. Further 40 ml of water 
were added, and the resulting mixture was extracted with Et2O (3 × 100 ml). The combined 
organic  phases were dried over anhydrous Na2SO4 and filtered. Elimination of the solvent 
under reduced pressure gave compound 5.7 as a white solid (27 g, 150 mmol, quant.). 
m.p. = 79.4-80.0ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.05 (d, J = 8.28 Hz, 2H), 6.82 (d, 
J = 8.56 Hz, 1H), 3.69 (s, 3H), 2.90 (t, J = 7.71 Hz, 2H), 2.64 (t, J = 7.70 Hz, 2H).
 13C 
NMR (101 MHz, CDCl3)  δ ppm 174.3, 154.1, 131.6, 129.0, 115.1, 51.6, 35.8, 29.7. 
HRMS: calcd. for C10H12O3: 180.07863, found 180.07945. Elem. anal. (%): calcd. for 
C10H12O3: C, 66.65; H, 6.71; found C, 66.90; H, 6.72.  
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2-(4-(benzyloxy)benzyl)-3-(naphthalen-2-yl)propanoic acid (5.8): ester 5.5 (31.3 g, 76.3 
mmol) was dissolved in THF (250 ml) and a 3 M aqueous solution of NaOH (127 ml, 381 
mmol) was added, followed by 250 ml of methanol. The mixture was heated to reflux for 3 
h, and the volatiles were subsequently removed by rotary evaporation. After addition of 
water (100 ml), the mixture was acidified with conc. HCl till pH 3, and extracted with ethyl 
acetate (3 × 200 ml). The organic layers were collected, dried with MgSO4 and filtered. 
Elimination of the solvent under vacuum gave the product as a white solid (Rf = 0.14 in 
toluene/ethyl acetate 90:10; Rf = 0.47 in toluene/ethyl acetate 80:20) (28.7 g, 72.3 mmol, 
95%). Further purification can be achieved by recrystallization from ethyl acetate/heptane. 
m.p. = 140.0-140.6ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.85-7.74 (m, 3H), 7.63 (s, 1H), 
7.50-7.25 (m, 8H), 7.10 (d, J = 8.58 Hz, 2H), 6.89 (d, J = 8.60 Hz, 2H), 5.02 (s, 2H), 3.20-
2.91 (m, 4H), 2.80 (dd, J = 13.63, 5.98 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ ppm 
180.8, 157.4, 136.9, 136.2, 133.4, 132.2, 130.9, 129.9, 128.5, 128.1, 127.9, 127.5, 127.5, 
127.4, 127.3, 127.1, 126.0, 125.4, 114.8, 69.9, 49.3, 37.7, 36.9. HRMS: calcd. for 
C27H24O3: 396.1725, found 396.1718. Elem. anal. (%): calcd. for C27H24O3: C, 81.79; H, 
6.10; found C, 81.85; H, 6.09.  
 
 
 
O
O
 
2-(4-(Benzyloxy)benzyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (5.9): to a 
solution of acid 5.8 (5 g) in freshly distilled DCM (100 ml) stirred at 0ºC, oxalylchloride 
(1.62 ml, 19 mmol) was added slowly, followed by 10 droplets of DMF. The mixture was 
stirred at 0ºC for 2 h. The solvent was removed by rotary evaporation, and new freshly 
distilled DCM (200 ml) was added. AlCl3 (3.34 g, 25 mmol) was added portionwise at 0ºC. 
The mixture was allowed to warm up to room temperature and stirred for 6 h additional. 
The reaction was quenched with sat. aq. NaHCO3 (20 ml), the organic layer was separated, 
and the acueous layer was extracted with DCM (3 × 40 ml). The organic layers were 
collected, dried with MgSO4, filtered, and the solvent was evaporated under vacuum. The 
mixture was quickly filtered over a short path of silica gel using toluene/ethyl acetate 95:5 
as eluent, in order to eliminate most of the impurities. Further purification was achieved by 
flash column chromatography on silica gel, using toluene with a 0 to 5% ethyl acetate 
gradient as eluent (Rf = 0.44 in toluene/ethyl acetate 95:5). Product 5.9 was obtained as a 
very viscous yellow oil (2.04 g, 5.38 mmol, 43%). 
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1H NMR (400 MHz, CDCl3) δ ppm 9.27 (d, J = 7.81 Hz, 1H), 8.05 (d, J = 8.35 Hz, 1H), 
7.93 (d, J = 8.12 Hz, 1H), 7.73 (t, J = 7.66, 7.66 Hz, 1H), 7.64-7.58 (m, 1H), 7.45 (d, J = 
8.37 Hz, 1H), 7.37-7.19 (m, 1H), 7.05 (d, J = 8.06 Hz, 2H), 6.83 (d, J = 8.03 Hz, 2H), 3.39 
(dd, J = 13.98, 4.30 Hz, 1H), 3.23 (dd, J = 17.62, 7.24 Hz, 1H), 3.12-3.03 (m, 1H), 2.96 
(dd, J = 17.62, 3.20 Hz, 1H), 2.74 (dd, J = 13.99, 9.90 Hz, 1H), 2.44 (s, 1H); 
13C NMR 
(101 MHz, CDCl3) δ ppm 209.1, 157.3, 152.4, 135.9, 132.5, 131.2, 130.3, 129.3, 128.9, 
128.8, 128.5, 128.3, 128.1, 128.0, 127.9, 126.5, 123.9, 123.8, 115.6, 49.3, 36.3, 36.1, 32.3. 
HRMS: calcd. for C27H22O2: 378.1620, found 378.1626. 
 
 
 
    
2-(4-(tert-Butyldimethylsilyloxy)benzyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
one (5.10): compound  5.4 (4.23 g, 14.3 mmol), TBSCl (3.32 mg, 22.0 mmol) and 
imidazole (3.00 g, 44.1 mmol) were dissolved in freshly distilled DCM (130 ml) and 
cooled at 0ºC. After stirring for 3 h, the reaction was quenched with water (40 ml). The 
organic layer was separated, and the acqueous layer was extracted with DCM (3 × 40 ml). 
The organic layers were collected, dried with MgSO4, filtered, and the solvent was 
eliminated under vacuum. The residue was purified by flash column chromatography on 
silica gel eluting with toluene/heptane 1:1 (Rf = 0.40 in toluene/heptane 80:20) to give 
compound  5.10  as a white solid (3.35 g, 8.32 mmol, 56%). Further purification was 
achieved by recrystallization from heptane, which gave the compound as colorless 
hexagonal crystals. 
m.p. = 106.5-107.4ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 9.20 (d, J = 8.36 Hz, 1H), 8.00 
(d, J = 8.34 Hz, 1H), 7.87 (d, J = 8.13 Hz, 1H), 7.68 (t, J = 7.65 Hz, 1H), 7.56 (t, J = 7.55 
Hz, 1H), 7.43 (d, J = 8.29 Hz, 1H), 7.13 (d, J = 7.67 Hz, 2H), 6.78 (d, J = 8.23 Hz, 2H), 
3.39 (dd, J = 14.00, 4.16 Hz, 1H), 3.22 (dd, J = 17.50, 7.24 Hz, 1H), 3.10-3.01 (m, 1H), 
2.93 (dd, J = 17.57, 3.23 Hz, 1H), 2.68 (dd, J = 13.74, 10.30 Hz, 1H), 0.99 (s, 9H), 0.20 (s, 
6H). 
13C NMR (101 MHz, CDCl3) δ ppm 208.3, 156.8, 153.9, 135.6, 132.5, 132.2, 130.4, 
129.7, 129.3, 128.7, 128.0, 126.4, 123.9, 123.8, 119.9, 49.3, 36.4, 32.4, 25.6, 18.0, -4.4. 
HRMS: calcd. for C26H30O2Si: 402.2015, found 402.2031. Elem. anal. (%): calcd. for 
C26H30O2Si: C, 77.57; H, 7.51; found C, 77.80; H, 7.53.  
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Protected motor (5.11): titanium tetrachloride (547 μl, 4.96 mmol) was added dropwise to 
a suspension of zinc powder (649 mg, 9.93 mmol) in 35 ml of dry THF under vigorous 
stirring at 0ºC. After refluxing for 2 h, ketone 5.10 (1.00 g, 2.48 mmol) in dry THF (8 ml) 
was added, and the solution was heated at reflux overnight. The reaction was quenched 
with sat. aq. NH4Cl (10 ml), and the mixture was extracted 4 times with 50 ml of ethyl 
acetate. The organic layers were collected, dried with MgSO4, filtered, and the solvent was 
eliminated under vacuum. The residue was purified by flash column chromatography on 
silica gel using heptane with a 0 to 100% toluene gradient as eluent (Rf = 0.23 in 
heptane/toluene 90:10; the separation between cis and trans on the TLC plate was just 
noticeable),
3 to give product 5.11 as a viscous yellow oil consisting of a mixture of cis and 
trans isomers. The total yield varied and ranged from 29 to 70% upon different times for 
the reaction, while the cis/trans isomeric ratio ranged from 1/2 to 2.2/1. 
1H NMR (400 MHz, CDCl3) δ ppm 8.45 (d, J = 8.10 Hz, trans 2H), 8.01 (d, J = 8.07 Hz, 
trans 2H), 7.84 (d, J = 8.06 Hz, trans 2H), 7.73 (d, J = 8.10 Hz, 2H cis), 7.67 (d, J = 8.06 
Hz, 2H cis), 7.65 (t, J = 8.27 Hz, 2H trans), 7.58 (t, J = 7.98 Hz, 2H trans), 7.48 (d, J = 
8.14 Hz, 2H cis), 7.43 (d, J = 8.14 Hz, 2H trans), 7.04-6.96 (m, 6H cis), 6.84 (d, J = 8.54 
Hz, 4H trans), 6.81 (d, J = 8.43 Hz, 4H cis), 6.68 (d, J = 8.48 Hz, 4H trans), 6.63 (d, J = 
8.37 Hz, 2H cis), 6.44 (t, J = 8.26 Hz, 2H cis), 3.52 (d, J = 13.74 Hz, 2H trans), 3.27-3.03 
(m, 2H trans, 4H cis), 2.77-2.57 (m, 2H trans, 4H cis), 2.57-2.43 (m, 4H trans, 2H cis), 
1.05 (s, 9H cis), 0.99 (s, 9H trans), 0.24 (s, 6H cis), 0.19 (s, 6H trans). 
13C NMR (101 
MHz, CDCl3) δ ppm 153.8, 153.6, 143.9, 141.7, 140.9, 139.2, 139.1, 137.3, 133.8, 133.2, 
133.0, 132.2, 130.3, 130.1, 129.6, 128.7, 128.4, 128.0, 127.7, 126.6, 126.3, 125.7, 124.9, 
124.2, 124.1, 124.0, 123.4, 119.7, 119.6, 50.3, 50.2, 40.0, 38.8, 37.1, 36.6, 25.766, 25.6, 
18.2, 18.1, -4.3, -4.3, -4.4. HRMS: calcd. for C52H60O2Si2: 772.4132, found 772.4163. 
 
 
 
O
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Molecular walker (5.13): nicotinic acid (54.2 mg, 0.44 mmol) was dissolved in freshly 
distilled DCM (2.5 ml), cooled at 0ºC, and oxalylchloride (56.6 μl, 0.33 mmol) was added 
slowly while stirring, followed by 1 droplet of DMF. The mixture was stirred at room 
temperature for 2 h. Subsequently, the volatiles were eliminated by rotary evaporation, dry  
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DCM (1.5 ml) was added, and the mixture was added dropwise to a stirred solution of 
motor  trans  5.3 (40 mg, 0.073 mmol) and DMAP (53.75 mg, 0.44 mmol) in freshly 
distilled DCM (2 ml) at 0ºC. The mixture was stirred over night at room temperature. The 
reaction was quenched with 2 ml of water, and the organic layer was separated. The water 
layer was extracted with DCM (2 × 7 ml). The organic layers were collected, dried with 
MgSO4, filtered, and the solvent was eliminated under vacuum. Flash column 
chromatography on silica gel using heptane with a 2-20% toluene gradient as eluent (Rf = 
0.45 in toluene/ethyl acetate 90:10) gave product 5.13 as a yellow solid (27.2 mg, 0.050 
mmol, 68%). Further purification can be achieved by recrystalization from 
chloroform/hexane, which gave the product as pale yellow crystals. 
1H NMR (400 MHz, CDCl3) δ ppm 9.38 (d, J = 2.16 Hz, 2H), 8.85 (dd, J = 4.85, 1.71 Hz, 
2H), 8.46-8.40 (m, 4H), 8.01 (d, J = 8.14 Hz, 2H), 7.85 (d, J = 8.19 Hz, 2H), 7.65 (t, J = 
7.53 Hz, 2H), 7.57 (t, J = 7.43 Hz, 2H), 7.48-7.41 (m, 4H), 7.04 (br s, 8H), 3.61 (dd, J = 
14.05, 1.94 Hz, 2H), 3.27 (ddd, J = 11.51, 5.25, 2.92 Hz, 2H), 2.75 (dd, J = 14.96, 5.33 
Hz, 2H), 2.59 (dd, J = 14.09, 11.70 Hz, 2H), 2.48 (d, J = 15.22 Hz, 2H).
 13C NMR (101 
MHz, CDCl3) δ ppm 163.9, 153.9, 151.3, 148.6, 141.5, 140.8, 138.8, 138.6, 137.5, 133.1, 
130.3, 130.0, 128.8, 128.2, 126.3, 125.9, 125.6, 125.0, 124.1, 123.4, 121.1, 50.0, 37.3, 
36.7. HRMS: calcd. for C52H39N2O4 (MH
+): 755.2904, found 755.2910. 
 
 
 
  
4'-Pentylbiphenyl-4-carboxylic acid (5.15): compound 5.15 was prepared according to a 
literature procedure.
20 Glacial acetic acid (2.5 ml), sulfuric acid (50% sol, 1.25 ml) and 4'-
pentylbiphenyl-4-carbonitrile (125 mg, 0.50 mmol) were heated to 120ºC and stirred over 
night. Subsequently, the white precipitate was filtered and washed with ice cold ethanol, 
and the volatiles were eliminated under reduced pressure. To achieve further purification, 
the residue was filtered of a short path of silica gel, eluting with toluene/ethyl acetate 90:10 
(Rf = 0.32 in toluene/ethyl acetate 1:1). Elimination of the solvent with rotary evaporation, 
gave product 5.15  as a white solid (16 mg, 0.43 mmol, 86%). The product was used 
without firther purification. 
1H NMR (400 MHz, CDCl3) δ ppm 8.17 (d, J = 8.24 Hz, 2H), 7.69 (d, J = 8.27 Hz, 2H), 
7.56 (d, J = 8.16 Hz, 2H), 7.29 (d, J = 8.04 Hz, 2H), 2.68 (d, J = 7.47 Hz, 2H), 1.68 (t, J = 
7.47 Hz, 2H), 1.44-1.34 (m, 4H), 0.93 (t, J = 6.91 Hz, 3H). 
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Mesogene-functionalized motor (5.17): acid 5.15 (44.3 mg, 0.165 mmol) was dissolved 
in freshly distilled DCM (2 ml), cooled at 0ºC, and oxalylchloride (21.3 μl, 0.248 mmol) 
was added slowly while stirring, followed by 1 droplet of DMF. The mixture was stirred at 
room temperature for 2 h. Subsequently, the volatiles were eliminated by rotary 
evaporation, dry  DCM (1.5 ml) was added, and the mixture was added dropwise to a 
stirred solution of motor trans 5.3 (30 mg, 0.055 mmol) and DMAP (33 mg, 0.27 mmol) in 
freshly distilled DCM (2 ml) at 0ºC. The mixture was stirred over night at room 
temperature. The reaction was quenched with 2 ml of water, and the organic layer was 
separated. The water layer was extracted with DCM (2 × 7 ml). The organic layers were 
collected, dried with MgSO4, filtered, and the solvent was eliminated under vacuum. Flash 
column chromatography on silica gel using heptane with a 40-80% toluene gradient as 
eluent (Rf = 0.42 in heptane/toluene acetate 20:80) gave product 5.17 as a yellow solid (55 
mg, 0.053 mmol, 96%). Further purification can be achieved by recrystalization from 
chloroform/hexane, which after two cycles gave the pure product as white needles. 
1H NMR (400 MHz, CDCl3) δ ppm 8.44 (d, J = 8.22 Hz, 2H), 8.22 (d, J = 8.36 Hz, 4H), 
8.01 (d, J = 8.17 Hz, 2H), 7.85 (d, J = 8.23 Hz, 2H), 7.71 (d, J = 8.41 Hz, 4H), 7.66 (t, J = 
7.44 Hz, 2H), 7.60-7.53 (m, 6H), 7.44 (d, J = 8.16 Hz, 2H), 7.30 (d, J = 8.14 Hz, 4H), 7.04 
(br s, 8H), 3.60 (d, J = 14.29 Hz, 2H), 3.27 (ddd, J = 11.13, 5.04, 2.91 Hz, 2H), 2.74 (dd, J 
= 15.02, 5.30 Hz, 2H), 2.67 (dd, J = 7.97, 7.39 Hz, 4H), 2.57 (dd, J = 14.01, 11.81 Hz, 
2H), 2.48 (d, J = 15.33 Hz, 2H), 1.72-1.60 (m, 4H), 0.91 (t, J = 6.77 Hz, 6H).
 13C NMR 
(101 MHz, CDCl3) δ ppm 165.2, 149.1, 146.1, 143.3, 141.6, 140.8, 138.9, 138.2, 137.1, 
133.1, 130.6, 130.2, 130.1, 129.0, 128.8, 128.2, 127.9, 127.1, 126.9, 126.3, 125.9, 124.9, 
124.1, 121.3, 50.1, 37.4, 36.7, 35.6, 31.5, 31.1, 22.5, 14.0. 
 
 
 
  
Diallyl motor (5.18): motor cis 5.3 (40 mg, 0.073 mmol) was dissolved in freshly distilled 
THF (2.5 ml) and cooled in an ice bath under a nitrogen atmosphere. Sodium hydride 50% 
oil suspension (24.5 mg, 0.51 mmol) was added portionwise with vigorous stirring. The ice 
bath was removed after 0.5 h, and the stirring was continued over a period of 3 h. 
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Subsequently, allylbromide (177 mg, 1.46 mmol) was added, and the stirring was 
continued over night. The reaction was quenched by adding 4 droplets of water and the 
mixture stirred until the evolution of gas stopped. The volatiles were removed by rotary 
evaporation, and the residue was purified by flash column chromatography on silica gel 
using a mixture of toluene/heptane 1:1 as eluent (Rf = 0.24 in toluene/heptane 1:1) to give 
product 5.18 as a yellow very viscous oil (23 mg, 0.037 mmol, 50%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.73 (d, J = 8.17 Hz, 2H), 7.68 (d, J = 8.11 Hz, 2H), 
7.47 (d, J = 8.13 Hz, 2H), 7.04 (d, J = 8.50 Hz, 4H), 7.00 (t, J = 7.46 Hz, 2H), 6.89 (d, J = 
8.55 Hz, 4H), 6.62 (d, J = 8.46 Hz, 2H), 6.44 (t, J = 7.63 Hz, 2H), 6.11 (tdd, J = 17.21, 
10.50, 5.23 Hz, 2H), 5.46 (dd, J = 17.26, 1.59 Hz, 2H), 5.32 (dd, J = 10.50, 1.43 Hz, 2H), 
4.60-4.55 (m, 4H), 3.18-3.04 (m, 4H), 2.71-2.47 (m, 6H). 
13C NMR (101 MHz, CDCl3) δ 
ppm 156.9, 143.9, 139.2, 137.3, 133.4, 133.4, 132.2, 130.3, 129.6, 128.5, 127.7, 126.3, 
124.2, 124.1, 123.4, 117.5, 114.4, 68.9, 50.2, 39.9, 38.5. HRMS: calcd. for C46H40O2: 
624.3028, found 624.3022. 
 
 
 
O
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Looped motor (5.19): motor 5.18 (50 mg, 0.080 mmol) was dissolved in dry DCM (80 
ml). Separately, 1
st generation Grubbs’ catalyst (4 mg, 5 mol%) was dissolved in dry DCM 
(5 ml). Both solution were degassed by freeze-pump-thaw technique for three times; 
subsequently, they were mixed together and the solutions stirred at room temperature for 
four days. Methanol (3 ml) was added, and the volatiles were eliminated by rotary 
evaporation. The mixture was purified by flash column chromatography on silica gel using 
heptane with a 20 to 65% toluene gradient as eluent (Rf = 0.17 in toluene/heptane 1:1 and 
0.27 in toluene/heptane 4:1) to give the product as yellow very viscous oil (13 mg, 0.022 
mmol, 27%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.73 (d, J = 8.15 Hz, 2H, cis + trans), 7.65 (d, J = 8.22 
Hz, 2H, cis + trans), 7.51 (d, J = 8.15 Hz, 2H, cis + trans), 7.03 (d, J = 8.44 Hz, 4H, cis + 
trans), 6.97 (t, J = 7.06, Hz, 2H, cis + trans), 6.76 (d, J = 8.46 Hz, 4H, cis + trans), 6.59 
(d, J = 8.42 Hz, 2H, cis + trans), 6.41 (t, J = 7.06, Hz, 2H, cis + trans), 5.86-5.81 (m, 2H, 
cis), 5.72-5.67 (m, 2H, trans), 4.75 (d, J = 13.99 Hz, 2H, trans), 4.70-4.64 (m, 2H, cis), 
4.64-4.55 (m, 2H, cis + trans), 3.35 (dd, J = 15.15, 6.11 Hz, 2H, cis), 3.27 (dd, J = 15.16, 
6.06 Hz, 2H, trans), 2.92 (m, 2H, cis + trans), 2.78 (d, J = 15.29 Hz, 2H, cis + trans), 2.69 
(dd, J = 13.06, 5.96 Hz, 2H, cis + trans), 2.47 (dd, J = 13.04, 7.27 Hz, 2H, cis + trans). 
13C 
NMR (101 MHz, CDCl3, mix of allyl cis and trans) δ ppm 156.9, 156.0, 144.0, 139.4, 
137.4, 135.5, 134.5, 132.2, 130.3, 130.0, 129.9, 129.5, 128.5, 127.7, 127.7, 126.35, 124.3, 
124.3, 124.2, 124.1, 124.1, 123.4, 123.3, 117.6, 116.2, 68.5, 66.4, 52.4, 40.8, 38.7. HRMS: 
calcd. for C44H36O2: 596.2715, found 596.2736. 
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Hydrogenated looped motor (5.20): motor 5.19 (13 mg, 0.022 mmol) and Wilkinson’s 
catalyst (3 mg) were dissolved in freshly dry toluene (6 ml). The solution was degassed 
three times with freeze-pump-thaw technique. Subsequently, a hydrogen balloon was 
connected to the system, and the solution was saturated with H2 using again the freeze-
pump-thaw technique three times. The mixture was then stirred at room temperature for 2 
d. The product was purified by flash column chromatography on silica gel using 
toluene/heptane 60:40 as eluent (Rf = 0.24 in toluene/heptane 80:20). The product was 
recovered as a yellow viscous oil (2 mg, 0.0033 mmol, 15%).  
1H NMR (400 MHz, CDCl3) δ ppm 7.72 (d, J = 8.14 Hz, 2H), 7.64 (d, J = 8.13 Hz, 2H), 
7.51 (d, J = 8.19 Hz, 2H), 7.03 (d, J = 8.44 Hz, 4H), 6.96 (t, J = 6.91 Hz, 2H), 6.81 (d, J = 
8.50 Hz, 4H), 6.58 (d, J = 8.44 Hz, 2H), 6.41 (t, J = 7.02 Hz, 2H), 4.24-4.15 (m, 2H), 
4.15-4.06 (m, 2H), 3.27 (dd, J = 15.21, 5.83 Hz, 2H), 2.86-2.79 (m, 2H), 2.76 (d, J = 15.24 
Hz, 2H), 2.67 (dd, J = 13.00, 6.52 Hz, 2H), 2.46 (dd, J = 12.96, 7.10 Hz, 2H), 1.64-1.57 
(m, 4H). 
13C NMR (101 MHz, CDCl3) δ ppm 156.6, 143.9, 139.3, 137.4, 134.8, 132.2, 
130.2, 129.6, 128.5, 127.7, 126.1, 124.3, 124.1, 123.3, 116.6, 68.6, 52.8, 40.6, 38.9, 25.7. 
HRMS: calcd. for C44H38O2: 598.7713, found 598.7729. 
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CHAPTER 6 
 
 
MOLECULAR MOTORS WITH AROMATIC 
GROUPS AT THE STEREOGENIC CENTERS 
 
 
 
 
 
 
 
 
 
 
 
In this chapter, four new first generation five-five membered rings molecular 
motors are presented, where aromatic groups have been installed at the stereogenic 
centers. Synthesis, modeling and 
1H-NMR and UV/Vis spectroscopic studies are 
discussed. 
This work not only extends the knowledge on the possible functionalizations of 
molecular motors, but also offers the possibility for a better understanding of the 
relationship between their structure and rate of thermal isomerizations. 
Moreover, due to their aromatic groups at the stereogenic centers, these newly 
prepared molecular motors can be considered good candidates to be studied as chiral 
dopants in liquid crystals. 
 
 
 
 
 
 
Parts of this chapter will be submitted for publication: G. Caroli, B. L. Feringa, manuscript 
in preparation. 
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6.1  Introduction 
 
 
Molecular motors are potential tools fundamental tool in molecular nanotechnology, in 
particular for future construction of mechanical molecular devices. It is therefore important 
to develop molecular motors that can perform their unidirectional rotation at different 
speeds, in order to have a wider range of applicability. Moreover, it is important to explore 
the possibilities arising from derivatization of the basic structure of molecular motors, and 
study, for example, how substitution of the methyl group at the stereogenic center affects 
the performance of the motor. In a recent investigation,
1 this has been done with second 
generation molecular motors. It has been shown that by changing the substituent at the 
stereogenic center, the half life of the unstable form changes significantly (Table 1). 
 
 
 
R  t1/2
20ºC
  (s)
Ph 587 
Me 190 
i-Pr 95 
t-Bu 0.0057   
 
Table 1: Half lives at 20ºC of second generation molecular motors derivatized with different groups at the 
stereogenic center (ref. 1). 
 
 
Similar studies have been carried out for analogous first generation molecular motors. 
In Table 2 the half lives of first generation molecular motors with two 6-membered rings 
connected to the axle of the rotor are reported.
2 It can be seen that changing the methyl 
substituent for an ethyl moiety, the half lives of the two thermal steps of the rotary cycle 
are both decreased, although the order of magnitude remains the same. With an isopropyl, 
instead, much larger differences are observed: the unstable cis seems to convert to the 
stable cis too quickly to be observed even at -60ºC, while the thermal step from unstable to 
stable trans was found to be so slow that the two-step nature of the process could be 
observed experimentally for the first time. 
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Table 2: Half lives of first generation six-six membered rings molecular motors derivatized with different 
groups at the stereogenic center (ref. 2). 
R 
t1/2
20ºC 
(unstable to stable 
trans) 
t1/2
20ºC 
(unstable to stable cis) 
Me  439 h  32 min 
Et  317 h  18 min 
i-Pr  very slow  presumably too fast 
 
 
In the case of five-five membered ring first generation molecular motors, changing the 
methyl with a longer alkyl chain decreases slightly the half life of the two thermal steps of 
the rotary cycle
3,  4 ( Table 3). With a tert-butyl group, instead, a distinctly different 
mechanism was reported.
5 
These results are consistent with those reported for the six-six membered ring motors: a 
methyl group slows down the thermal isomerization steps compared with those of motors 
with longer linear alkyl groups, while with more bulky substituents, more significant 
deviations from the usual rotary behavior are observed. 
 
 
 
R 
t1/2
20ºC 
(unstable to stable 
trans) 
t1/2
20ºC 
(unstable to stable cis) 
Me  18 s  74 min 
C16H33 16 s  37 min 
t-Bu /  /     
 
Table 3: Half lives of first generation five-five membered rings molecular motors derivatized with different 
groups at the stereogenic center (see ref. 3, 4 and 5). 
 
 
Additionally, in our group, molecular motors have been studied as dopants in liquid 
crystal (LC) matrices. In liquid crystals, chiral switchable molecules can be used as 
dopants: the two helical configurations of a switch affect the LC phase differently, 
resulting in an externally addressable LC phase.
6 It has been demonstrated that the 
unidirectional light driven molecular motors can be used as chiral dopants, and that under 
irradiation of the sample the LC phase can be changed.
7 
To date, several second generation molecular motors have been tested in liquid crystals 
matrixes,
8 but similar studies have not been reported for first generation examples. It is 
important to consider for LC technology also the use of first generation molecular motors. 
In Chapter 5 an example is reported of a molecular motor that has been functionalized with 
two mesogenic moieties, to be tested as a chiral switchable dopant for liquid crystals, albeit 
enantioresolution could not be achieved with the chiral HPLC columns available. The 
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incorporation of aromatic moieties in the design of molecular motors can indeed be 
expected to provide insight into the mechanism of interaction between the dopant 
molecular motor and the mesogens. 
 
In this chapter, the synthesis, photochemical and thermal behavior of a new family of 
first generation molecular motors is presented. These motors are derivatized with an 
aromatic group connected to the stereogenic center, comprising one or two benzene rings, 
connected to the five membered ring directly or using a methylene linker (Chart 1). 
 
 
 
 
6.2  6.1 
6.3  6.4
 
Chart 1: Molecular motors presented in this chapter. 
 
 
Motors  6.1 and 6.3 present, respectively, a benzyl and a biphenyl group directly 
attached to the stereogenic center of the 5 membered rings. Motors 6.2 and 6.4, instead, 
have attached to the stereogenic center a benzyl and a p-phenylbenzyl group, respectively.  
These motors not only add to the molecular motors toolbox broadening the spectrum of 
features and topologies available to be used in future applications, but are also good 
candidates as dopants for LC studies. Indeed, their new aromatic moiety might give a 
stronger interaction with the mesogens (molecules of liquid crystals), and lead to doped LC 
with new interesting properties. 
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6.2  Aryl motor 
 
 
6.2.1  Retrosynthetic analysis 
 
The retrosynthesis of motor 6.1 is shown in Scheme 1. Motor 6.1 can be obtained by 
McMurry coupling of ketone 6.5, which can be obtained by ring closure of acid 6.6. The 
ester of acid 6.6 is prepared in a racemic fashion from alkene 6.7, which can be obtained 
with a Horner–Wadsworth–Emmons reaction of 2-naphthaldehyde and 
(diethoxyphosphoryl)-phenyl-acetic acid methyl ester. 
 
 
 
 
6.6  6.5  6.1 
  6.7 
 
Scheme 1: Retrosynthesis of motor 6.1. 
 
 
 
6.2.2  Synthesis 
 
The synthesis of motor 6.1 is shown in Scheme 2
9. The first step of the synthesis was a 
Horner–Wadsworth–Emmons reaction of (diethoxyphosphoryl)-phenyl-acetic acid methyl 
ester with 2-naphthaldehyde to obtain the alkene 6.7 in a 1:3 Z/E ratio. The product was 
then hydrogenated with palladium to compound 6.8 in high yields, and the ester group was 
hydrolyzed to provide acid 6.6. Subsequently, the acid was activated with thionyl chloride, 
and the obtained acyl chloride was immediately reacted with aluminium trichloride to 
perform an intramolecular Friedel-Crafts acylation. The ketone 6.5 obtained was then 
allowed to react with a low valence titanium reagent in a McMurry coupling. Motor 6.1 
was obtained as a mixture of trans and cis isomers in a 2:1 ratio, in a total yield of 16%. 
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Isomers separation was achieved with flash column chromatography. The two isomers 
were distinguished on the basis of their 
1H-NMR spectra in the aromatic region, as in the 
cis isomer, due to the interaction between the two naphthalene moieties, the shifts are 
upfield compared with the trans isomer (ranging 7.8-6.4 and 7.9-6.8 ppm for the cis and 
the trans isomer, respectively). 
 
 
 
OH
O
O
O
O
O
O
P O
O O
O O
O
DME
1. NaH
2.
77%
MeOH
H2 atm.
Pd/C
91%
H2O/EtOH
KOH
89%
SOCl2
DMF
Cl
O
AlCl3
DCM
73%
Zn, TiCl4
THF
+
(trans/cis =2 / 1 )
16%
 
6.7  6.8 
6.6 
6.5  trans 6.1  cis 6.1   
 
Scheme 2: Synthesis of motor 6.1. 
 
 
 
6.2.3  Molecular modeling 
 
To obtain a better insight into the molecular structure of motor 6.1, computer modeling 
was performed on all the four isomers involved in the rotary cycle. 
The structures were calculated at the DFT B3-LYP 6-31G(d,p) level of theory, with the 
Gaussian 03W software package.
10 The optimized structures are shown in Figure 1. It 
should be noted that in the two cis isomers the phenyl groups are predicted to be parallel to 
each other, and perpendicular to the naphthalene moieties. In the unstable trans isomer, 
instead, they are parallel to the naphthalene moieties to minimize the steric hindrance. 
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a) 
              
b) 
  163.1º  166.2º 
 
 
19.8º  7.8º   4.9º  4.9º  
  153.2º  166.2º 
 
 
                 
c) d) 
  153.0º 
146.5º   
 
27.0º  26.9º  24.2º    24.2º 
 
  153.0º  165.0º   
 
Figure 1: Structures and Newman projections of 6.1 calculated at the DFT B3LYP 6-31G(d,p) level of 
theory. a) stable trans; b) stable cis; c) unstable trans; d) unstable cis. 
 
 
In Table 4 the most important geometrical features of motor 6.1 and the 5-5 membered ring 
methyl motor (see Chapter 2) are summarized for comparison. Specifically, the double 
bond length, and the four dihedral torsion angles formed by the two olefinic carbons and 
the four carbons connected to them are reported; an average of the deviation from ideality 
(0º or 180º) of these four dihedral angles is also indicated. 
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1  1  3  2  3  2 
2'  3' 3'  2'  1'  1' 
 
stable trans  R=-C6H5 (6.1)  R=Me 
211’2’ 153.2  152.8 
311’3’ 163.1  159.9 
211’3’ 4.9  3.5 
311’2’ 4.9  3.5 
average 13.4  13.6 
1-1’ 1.36  1.36 
    
stable cis  R=-C6H5 (6.1)  R=Me 
211’2’ 19.8  17.2 
311’3’ 7.8  4.2 
211’3’ 166.2  169.3 
311’2’ 166.2  169.3 
average 13.8  10.7 
1-1’ 1.36  1.36 
    
unstable trans  R=-C6H5 (6.1)  R=Me 
211’2’ 146.5  142.2 
311’3’ 165.0  162.5 
211’3’ 24.2  27.7 
311’2’ 24.2  27.7 
average 24.2  27.7 
1-1’ 1.37  1.37 
    
unstable cis  R=-C6H5 (6.1)  R=Me 
211’2’ 26.9  31.4 
311’3’ 27.0  25.3 
211’3’ 153.0  151.7 
311’2’ 153.0  151.7 
average 27.0  28.3 
1-1’ 1.37  1.37 
 
Table 4: Geometrical parameters calculated for the four isomers of motor 6.1 and for the five-five membered 
ring methyl analogous. (dihedral angles in degrees and lengths in Angstroms). 
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The length of the central double bond is invariant between the two molecules over each set 
of the four isomers. Moreover, the average torsion around the double bond is lower in 
motor 6.1 in three of four cases (stable trans, unstable trans and unstable cis). This could 
be rationalized considering that the phenyl group, albeit larger, is flatter than a methyl; 
therefore it offers less steric hindrance in the direction perpendicular to the aromatic ring.
11 
Additionally, DFT thermochemical analysis at 25ºC was performed to calculate the 
energies of all the four stable isomers of motor 6.1 Their relative values after zero point 
energy correction are shown in Figure 2. 
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Figure 2: Relative energies (kJ/mol) of the four isomers of motor 6.1, calculated by DFT thermochemical 
analysis at 25ºC. 
 
 
However, calculations of transition states were not performed. Therefore, no 
conclusions on the expected half life-times of the two unstable forms can be drawn.  
 
 
6.2.4  
1H-NMR measurements 
 
1H-NMR spectroscopy is a powerful tool for the study of molecular motors, in that each 
of the four isomers is characterized by different chemical shifts. The rotary cycle can 
therefore easily be followed with this method, in order to verify that it occurs in the 
expected unidirectional fashion. 
 
Stable cis 
 
In Figure 3a the region between 9 and 2.5 ppm of the 
1H-NMR spectrum of a sample of 
motor cis 6.1 in DCM-d2 at -50ºC is shown. All the absorptions in the aromatic region can 
be assigned by comparison with the data reported in chapter 2 for the five-five membered 
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ring motor. In order to assign the absorptions in the region between 5 and 2.5 ppm, it has to 
be considered that, as suppoorted by molecular modeling (vide supra), the HrCCHp 
dihedral is almost 90º (calculated 94.08º), and only a little or neglectable coupling constant 
is expected between Hr and Hp. Therefore, the absorption at 3.9 ppm is assigned as Hq.
12 
The absorption at 3 ppm and the absorption at 4.5 ppm present very different coupling 
constants: 15.4 and 6.86 Hz, respectively. As the coupling constant for geminal protons is 
typically larger than the one for vicinal protons, it can be deduced that the absorption at 2.9 
ppm is related to Hr and the absorption at 4.5 is related to Hp. This assignment has been 
verified by a quantum mechanical 
1H-NMR calculations
13,  14,  15; the results are shown in 
Table 5. 
 
Unstable trans 
 
The sample was irradiated with a 365 nm lamp for 4 h, while kept at -75ºC in an 
ethanol bath, and its color changed from pale yellow to more intense yellow. The 
1H-NMR 
spectrum was then measured at -50ºC (Figure 3b). Every absorption shifted, and the new 
isomer, obtained in a 90/10 isomeric ratio with the stable cis, can be identified as the 
unstable trans by considering that the aromatic protons of the naphthalene moieties absorb 
in the range of 7.1-8.0 ppm. Interestingly, all five protons (for each half of the molecule) of 
the phenyl group absorb at a different chemical shift (four in the region 6.4-6.7 ppm and 
one at 7.25 ppm), indicating that the phenyl is not rotating freely anymore. This is in 
agreement with that observed in molecular modeling: due to the torsion of the central 
double bond, the phenyl groups are pushed against the naphthalene moieties, which cause 
steric hindrance and limit the rotation around the single bond connecting the phenyl groups 
to the stereogenic centers. Therefore, the photochemical switch between stable cis 6.1 and 
unstable trans 6.1 can be seen as a rotation-on-rotation-off switching system
16 (Scheme 
4).
17 
Support for this conclusion is provided by a comparison between the proposed proton 
assignments of the experimental 
1H-NMR spectrum with the results of a quantum 
mechanical 
1H-NMR calculation.
13,14,15 The results are shown in Figure 4. It is noticeable 
that the calculated chemical shifts, although not accurate,
18 fit qualitatively with the 
experimental data. In fact, in the aromatic region, in both the experimental and the 
calculated 
1H-NMR spectra of unstable trans 6.1, three groups can be identified: the first, 
at higher field, is constituted by Ha only; the second includes Hb, Hc, Hd, He, Hf and a 
proton of the phenyl group (Hv according to the calculation); the third group, at higher 
field, includes the remaining four protons of the phenyl rings. This qualitative agreement 
between the calculated and the experimental spectra suggests the proposed interpretation of 
the experimental 
1H-NMR reported in Figure 3b to be correct. 
The assignment of the absorptions in the region 5-2.5 ppm is aided by the coupling 
constants. The two double doublets at 3.3 and 3.5 ppm have coupling constants of 8.0 and 
15.4 Hz, and 8.8 and 15.4 Hz, respectively. The fact that one of the coupling constants is 
15.4 Hz indicates that these absorptions belong to Hr and Hq (vicinal protons) and 
consequently, the absorption at 4.7 ppm must be assigned as Hp. Considering the calculated 
dihedral angles HrCCHp and HqCCHp, the Karplus equation has been tested
19 in an attempt 
to distinguish Hr and Hq. The calculated coupling constants are, respectively, 10.5 Hz 
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(HrCCHp = 154.7º) and 6.8 Hz (HqCCHp = 36.3º). Compared with the experimental results 
of 8.0 and 8.8 Hz, these result can not be considered reliable, and no clear assignment of Hr 
and Hq can be made. Also, from the quantum mechanical 
1H-NMR calculation illustrated 
in Figure 4, the assignment of Hp could be confirmed, but no distinction between Hr and Hq 
was possible due to the low accuracy of the calculation. 
Based on the integrals of the absorptions at the photostationary state (PSS), the stable 
cis/unstable trans ratio was calculated to be 8:92. Moreover, minor absorptions of the 
stable trans isomer are also visible (see for instance absorptions at 2.8, 4.3, 6.85 and 7.9 
ppm) showing that this isomer is present in 4%. On the basis of the thermodynamic 
parameters calculated from kinetic analysis (see section 6.2.6), the half life at the 
temperature of acquisition (-50ºC) was calculated to be ca. 21 h. This value is too high to 
explain the formation of the stable trans isomer by thermal isomerization of the newly 
obtained unstable trans, which can therefore have been formed only photochemically while 
irradiating from the unstable trans or, perhaps, directly from the stable cis. 
 
Stable trans 
 
Subsequently, the temperature of the sample was increased to 30ºC for ca. 15 min, and 
the solution became colorless. The 
1H-NMR spectrum was then measured again at -50ºC 
(Figure 3c). All the absorptions shifted once again. A comparison with previous results on 
the five-five membered ring motor measured in the same solvent (chapter 2) indicates that 
this new isomer is the stable trans (range of the absorptions of the aromatic protons from 
about 6 to 8 ppm). However, few differences are visible in this case: due to the presence of 
the phenyl group, protons Ha and Hb are shifted upfield in comparison to those in the 
dimethyl five-five membered ring motor. From the molecular modeling, indeed, it can be 
clearly seen that these two protons are close to the phenyl group, and therefore, due to the π 
electrons, Ha and Hb experience greater shielding. The other protons are much less 
affected. 
In order to add support to this interpretation, a quantum mechanical 
1H-NMR 
calculation
13,14,15 was performed. The results are shown in Figure 5. As before, it is notable 
that the calculated chemical shifts, although not accurate,
18 fit the experimental data in a 
qualitative way and the relative positions of the absorptions are, indeed, closely 
comparable. It should be pointed out here that the chemical shifts of the protons Hx-Hv and 
Hy-Hw in the calculated spectrum have been averaged to mimic free rotation of the phenyl 
group. 
For the assignment of the absorptions in the region 5-2.5 ppm, the same considerations 
as for Figure 3a are made. Moreover, these assignments are supported by the calculated 
values of the chemical shifts (Figure 5). 
The absorptions of the residual cis stable isomer remain unchanged. 
 
Unstable cis 
 
A second irradiation experiment was performed on the same sample using a 365 nm 
light for 4 h at -75ºC in an ethanol bath. The solution became yellow, and the 
1H-NMR 
spectrum was measured at -50ºC (Figure 3d). Again, a shift of all the absorptions of the 
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motor moiety was observed, implying full conversion to a new isomer, which can be 
identified as the unstable cis by considering the absorption range of the aromatic protons 
(6.6-7.8 ppm) and comparing with previous results (chapter 2).  A lower range of 
absorption of the naphthalene protons, indeed, is consistent with a cis conformation, where 
the two naphthalene moieties are in close proximity. 
For the assignment of the absorptions in the region 5-2.5 ppm, the same considerations 
as for Figure 3b are made. 
No residual stable trans isomer is visible in this spectrum, indicating full conversion. 
 
Stable cis 
 
The sample was then warmed to 30ºC for ca. 30 min, and subsequently another 
1H-
NMR spectrum was acquired at -50ºC (Figure 3e). This spectrum proved to be identical to 
the one in Figure 3a (stable cis 6.1), indicating that the second thermal step has occurred, 
and a full 360º cycle around the central double bond has been performed. 
In the spectrum in Figure 3e also an amount of about 10% of the stable trans isomer is 
visible (see for example the peaks at 2.8, 3.5 and 4.3 ppm), attributed to the 
photoconversion of the residual stable cis of the first irradiation step (Figure 3c). 
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a) 
stable cis  He   Hd   Hf   HPh  Hc   Ha  Hb                                                    Hp       Hq                       Hr 
   
b) 
Ha    Hd  He Hb Hc   Hf   HPh                                                         Hp                    Hq+r  unstable trans 
   
c) 
Hd    He Ha Hc Hf     HPh   Hb                                                                    Hp            Hq               Hr 
stable trans 
   
d) 
He     Hd Hf Ha   HPh     Hc    Hb                                                      Hp               Hq+r  unstable cis 
 
e) 
stable cis 
ppm 3.0 4.0 5.0 6.0 7.0 8.0  
 
Figure 3: 
1H-NMR spectra of motor 6.1 in DCM-d2. a) stable cis; b) PSS after first irradiation (λ = 365 nm): 
unstable trans; c) first thermal step: stable trans; d) PSS after second irradiation (λ = 365 nm): unstable cis; e) 
second thermal step: stable cis. (all the spectra were acquired at -50ºC). 
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 H p H q H r 
experimental 4.42  3.86  2.96 
calculated 4.53  3.91  2.78 
 
Table 5: Experimental and calculated chemical shifts (in ppm) in the 
1H-NMR of protons Hp, Hq and Hr of 
stable cis 6.1.  
 
 
 
 
 
 
a) 
Ha    Hd  He Hb Hc   Hf   HPh                                                         Hp                    Hq+r 
 
 
2. 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9
 
b)  Ha     Hd Hv+b+e   Hc   Hf    Hw  Hx+y+z                     Hp                        Hq         Hr 
 
 
Figure 4: a) Experimental and b) calculated (see ref. 13) 
1H-NMR spectra of unstable trans 6.1. 
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a) 
He   Hd   Hf   HPh  Hc   Ha  Hb                                                    Hp       Hq                       Hr 
 
 
2. 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9
 
b) 
Hd  He  Ha  Hc  Hf  Hz+y(w) Hx(v)    Hb                                                  Hp             Hq                   Hr 
 
Figure 5: a) Experimental and b) calculated (see ref. 13) 
1H-NMR spectra of stable trans 6.1. 
 
 
Based upon the photochemical and thermal isomerizations analyzed by 
1H-NMR, we 
can conclude that molecule 6.1 functions as a controllable unidirectional rotor. The full 
rotary cycle is shown in Scheme 3. 
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λ = 365 nm 
stable cis 6.1  unstable trans 6.1 
λ = 365 nm 
Δ  Δ 
λ = 365 nm 
  stable trans 6.1  unstable cis 6.1 
 
Scheme 3: Rotary cycle of motor 6.1. 
 
 
In Scheme 4 the switchable function of motor 6.1 as a rotation-on–rotation-off system, 
as deducted from the 
1H-NMR study reported in Figure 3a, b and c is represented.
17 
 
 
 
x
x
 
hν  Δ 
  unstable trans 6.1 
  (rotation slowed down) 
stable trans 6.1 
(free rotor) 
stable cis 6.1 
(free rotor) 
 
Scheme 4: Rotation-on–rotation-off switchable function of motor 6.1. 
 
 
 
6.2.5  UV/Vis measurements 
 
A 7.4·10
-5 M solution of motor cis  6.1  in dichloromethane was used for UV/Vis 
spectroscopic measurements. The UV/Vis spectra of the isomers during the first half of the 
cycle are shown in Figure 6a. The spectrum of stable cis  6.1 at -50ºC was acquired, 
  266Molecular motors with aromatic groups at the stereogenic centers 
 
presenting a maximum at 378 nm. The sample was kept at this temperature and irradiated 
with a 365 nm light until the PSS was reached. As in the NMR experiments, almost 
complete conversion of stable cis 6.1 was observed after irradiation, and considering that 
the solvent and the light used were the same employed in this experiment, the same 
conversion can be expected here. This means that the UV/Vis spectrum at the PSS is 
representative (within the experimental error of 5% for 
1H-NMR) of the unstable trans 6.1. 
A bathochromic and hyperchromic effect was observed, with two maxima at 390 and 408 
nm. This red-shift is consistent with the generation of a higher energy isomer, due to the 
increased strain on the central double bond. Increasing the temperature to 0ºC for 10 min 
resulted in a change of the UV/Vis spectrum to give two maxima at 358 and 375 nm. This 
UV/Vis spectrum is characteristic of a stable trans isomer, and suggests therefore that the 
expected thermal rearrangement occurs. 
 
The same sample was used for the study of the second half of the cycle; UV/Vis spectra 
are shown in Figure 6b. Light at 365 nm was used to irradiate at -40ºC the previously 
obtained sample of trans 6.1. When the PSS was reached, a UV/Vis spectrum was acquired 
at -40ºC. Also in this case a bathochromic effect (maximum at 408 nm) is clearly visible 
(indicating the formation of a higher energy isomer), together with a decrease of 
absorption. After performing the second thermal step by means of an increase of 
temperature (up to 30ºC), the resulting UV/Vis spectrum obtained was acquired, and was 
found to be similar to the spectrum of the initial stable cis 6.1 isomer. The slight difference 
in the UV/Vis of stable cis 6.1 in the final spectrum after one cycle compared with the 
initial stable cis  6.1  is expected since the two PSS are not quantitative, and after 
completing one cycle the amount of cis is <100%, with some of the sample being in the 
trans state. 
 
 
 
a) 
250 300 350 400 450 500
0.0
0.5
1.0
1.5
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b
s
nm
 stable cis
 at the PSS
 after thermal inversion
 
250 300 350 400 450 500
0.0
0.5
1.0
1.5
A
b
s
nm
 stable trans
 at the PSS
 after thermal inversion
 
b) 
Figure 6: UV/Vis study of molecule 6.1 (7.4·10
-5 M in DCM). a) first half of the cycle: stable cis (thick line), 
PSS after irradiation (main product: unstable trans, thin line), after thermal inversion (main product: stable 
trans, dotted line); b) second half of the cycle: sample after the first thermal inversion (thick line, main 
product: stable trans), PSS after irradiation (main product: unstable cis, thin line), after thermal inversion 
(main product: stable cis, dotted line). 
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In order to demonstrate the unimolecularity of each of the four steps of the cycle and 
confirm the unidirectional rotation ability of the motor, the presence of isosbestic points 
was verified for each of the four steps. The results are shown in Figure 7. Figure 7a and 
Figure 7c refer to the photochemical steps, and were obtained at regular intervals during 
irradiation; Figure 7b and Figure 7d refer to the thermal steps, and were obtained at regular 
intervals during the thermal inversion. 
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c)  d) 
 
Figure 7: UV/Vis irradiation and thermal inversion experiments for 6.1  (7.4·10
-5 M in DCM). a) 
photochemical step from stable cis to unstable trans (λ = 365 nm); b) thermal step from unstable trans to 
stable trans (-20ºC < T < 0ºC); c) photochemical step from stable trans to unstable cis (λ = 365 nm); d) 
thermal step from unstable cis to stable cis (20ºC < T < 30ºC). 
 
 
 
6.2.6  Kinetic analysis 
 
UV/Vis spectroscopic measurements were also performed to study the kinetics of the 
two thermal steps. A 300 nm high-pass filter was mounted on the exit of the UV/Vis light 
source to cut off high energy light that might otherwise induce unwanted photochemistry 
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during the thermal conversion. The changes in UV/Vis absorption spectrum as a function 
of time due to the thermal inversion at the specific wavelengths at different temperatures (-
15, -10, -5 and 0ºC for the thermal step of unstable trans 6.1 to stable trans 6.1 and 25, 35, 
45, 55 and 65ºC for the thermal step of unstable cis 6.1 to stable cis 6.1) were measured. 
From these data the rate constants (k) for the first-order thermal helix inversion processes 
at the different temperatures were obtained. The enthalpy of activation (Δ
‡Hº) and entropy 
of activation (Δ
‡Sº) were determined from the rate constant by means of the Eyring plot, 
and from this, the Gibbs free energy of activation (Δ
‡G20ºC) and the half life (t1/2
20ºC) at 
room temperature (20ºC) were calculated. The Eyring plots of the first thermal step 
(unstable trans to stable trans) and of the second thermal step (unstable cis to stable cis) 
are shown in Figure 8a and Figure 8b, respectively. The thermodynamic data are shown in 
Table 6. 
 
 
 
 
y = -8122.9x - 8.9207
R
2 = 0.998
-41
-40
-39
-38
0.00360 0.00370 0.00380 0.00390
1/T
l
n
(
k
.
h
/
k
B
.
T
)
 
y = -10653x - 3.7613
R
2 = 0.9973
-40
-39
-38
-37
-36
-35
-34
0.00290 0.00310 0.00330
1/T
l
n
(
k
.
h
/
k
B
.
T
)
 
a)  b) 
 
Figure 8: Eyring plot of motor 6.1, relative to: a) the first thermal step (unstable to stable trans), and b) the 
second thermal step (unstable to stable cis). 
 
 
 
  unstable to stable trans unstable  to  stable  cis 
k
20ºC  7.4·10
-2 s
-1  2.3·10
-5 s
-1 
Δ
‡Hº  67 kJ·mol
-1  89 kJ·mol
-1 
Δ
‡Sº  -35 J·K
-1·mol
-1  -29 J·K
-1·mol
-1 
Δ
‡G20ºC  78 kJ·mol
-1  98 kJ·mol
-1 
t1/2
20ºC  9.4 s  8.2 h 
 
Table 6: Thermodynamic data for motor 6.1. 
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6.3  Benzyl motor 
 
 
6.3.1  Retrosynthetic analysis 
 
The retrosynthesis of motor 6.2 is shown in Scheme 5. Motor 6.2 can be obtained by 
McMurry coupling of ketone 6.9, which can be obtained by α-benzylation of ketone 6.10. 
Ketone 6-10 can be prepared in large scale in two steps (namely an acylation followed by 
an intramolecular alkylation) from inexpensive naphthalene and 3-chloropropanoyl 
chloride, according to published procedures
20, 21. 
 
 
 
 
6.9  6.2 
  6.10 
 
Scheme 5: Retrosynthesis of motor 6.2. 
 
 
 
6.3.2  Synthesis 
 
The synthesis starts with the Friedel-Crafts acylation of naphthalene with 3-
chloropropanoyl chloride in the presence of AlCl3
20 to form 6.11 (Scheme 6). Subsequent 
ring closure reaction with concentrated sulfuric acid
21 led to ketone 6.10 in 48% yield over 
two steps. Sodium hydroxide was used to generate the enolate of 6.10 at 0ºC in a mixture 
of THF and N, N -dimethyl-N, N -propylene urea (DMPU)
22, which was then allowed to 
react with freshly distilled benzylbromide in presence of a catalytic amount (5 mol%) of 
iodide. A mixture of the monoalkylated (6.9) and the dialkylated (6.12) products resulted 
in a yield of 20% each, which were separated with column chromatography. 
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6.11  6.10 
6.9    6.12 
 
 
Scheme 6: Synthesis of ketone 6.9. 
 
 
Next (Scheme 7), ketone 6.9 was coupled in the presence of low valent titanium (McMurry 
coupling) in refluxing THF overnight, leading to overcrowded alkene 6.2 in an overall 
yield of 43%, as a mixture of cis and trans isomers in 1:1 ratio, as determined by 
1H NMR. 
 
 
 
 
  6.9  cis 6.2  trans 6.2 
 
Scheme 7: Preparation of motor 6.2 from ketone 6.9. 
 
 
Use of in the silica gel impregnated with silver nitrate
23 5% was necessary to make the 
flash column chromatography effective for the separation of the trans  6.2 and cis  6.2 
isomers. The two isomers were distinguished on the basis of their 
1H-NMR spectra in the 
aromatic region, as in the cis isomer, due to the interaction between the two naphthalene 
moieties, the shifts are more upfield than in the trans isomer. 
 
 
 
  271Chapter 6 
6.3.3  Molecular modeling 
 
Molecular modeling was performed on all the four isomers of the rotary cycle in order 
to gain a better insight of the molecular structure of motor 6.2 
The structures were first optimized at the PM3 level of theory, using the Hyperchem 
software package
24. For each isomer, the optimization was performed for all the possible 
stable conformations of the benzyl groups (always mantaining the pseudo-C2 symmetry of 
the molecule); their energies were compared, and the conformation with the lowest energy 
was further optimized at the DFT B3-LYP 6-31G(d,p) level of theory with the Gaussian 
03W software package.
10 The final DFT optimized structures of the four isomers are 
shown in Figure 9.  
 
In Table 7 the most important geometrical features of motor 6.2 and the 5-5 membered 
ring methyl motor (see Chapter 2) are reported for comparison. Specifically, the double 
bond length, and the four dihedral torsion angles formed by the two doubly bonded carbons 
and the four carbons connected to them are reported; an average of the deviation from 
ideality (0º or 180º) of these four dihedral angles is also indicated. 
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a)  b)
  169.7º  199.8º 
 
  3.8º  16.8º    4.5º  4.5º   
  169.7º  151.1º 
 
 
             
d) 
c) 
 
151.0º  141.3º   
 
159.7º 
  29.5º  25.7º  29.5º  32.2º 
 
 
151.0º   
 
Figure 9: Structures and Newman projections of 6.2 calculated at the DFT B3LYP 6-31G(d,p) level of 
theory. a) stable trans; b) stable cis; c) unstable trans; d) unstable cis. 
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1  1  3  2  3 2 
2'  3' 3'  2'  1'  1' 
 
stable trans  R=-CH2-C6H5 
(6.2) 
R=Me
211’2’ 151.1  152.8 
311’3’ 160.2  159.9 
211’3’ 4.5  3.5 
311’2’ 4.5  3.5 
average 14.4  13.6 
1-1’ 1.36  1.36 
    
stable cis  R=-CH2-C6H5 
(6.2) 
R=Me
211’2’ 16.8  17.2 
311’3’ 3.8  4.2 
211’3’ 169.7  169.3 
311’2’ 169.7  169.3 
average 10.3  10.7 
1-1’ 1.36  1.36 
    
unstable 
trans 
R=-CH2-C6H5 
(6.2) 
R=Me
211’2’ 141.3  142.2 
311’3’ 159.7  162.5 
211’3’ 29.5  27.7 
311’2’ 29.5  27.7 
average 29.5  27.7 
1-1’ 1.37  1.37 
    
unstable cis  R=-CH2-C6H5 
(6.2) 
R=Me
211’2’ 32.2  31.4 
311’3’ 25.7  25.3 
211’3’ 151.0  151.7 
311’2’ 151.0  151.7 
average 29.0  28.3 
1-1’ 1.37  1.37 
 
Table 7: Geometrical parameters calculated for the four isomers of motor 6.2 and for the five-five membered 
ring methyl motor. (dihedral angles in degrees and lengths in Angstroms). 
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It should be noted that the length of the central double bond does not present any 
difference between the two molecules in any of the four isomers. Moreover, the average 
torsion around the double bond is higher in motor 6.2 in three of the four cases (stable 
trans, unstable trans and unstable cis). This can be rationalized considering that a benzyl 
group is larger than a methyl group; therefore it offers more steric hindrance increasing 
torsional strain. 
Additionally, DFT thermochemical analysis at 25ºC was performed to calculate the 
energies of all the four stable isomers of motor 6.2 Their relative values after zero point 
energy correction are shown in Figure 10. 
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Figure 10:  Relative energies (kJ/mol) of the four isomers of motor 6.2, calculated by DFT thermochemical 
analysis at 25ºC. 
 
 
However, calculations of transition states were not performed. Therefore, no 
conclusions on the expected half lives of the two unstable forms can be drawn.  
 
 
6.3.4  
1H-NMR measurements 
 
The region between 9 and 6 ppm of the 
1H-NMR spectrum of a sample of motor trans 
6.2 in DCM-d2 at -50ºC is shown in Figure 11a. All the absorptions in the aromatic region 
can be assigned by comparison with the data reported in Chapter 2 for the five-five 
membered ring motor.  
 
The sample was then irradiated with a 365 nm lamp for 4 h, while kept at -70ºC in an 
ethanol bath. The color of the solution changed from light yellow to more intense yellow, 
and its 
1H-NMR spectrum was measured again at -50ºC (Figure 11b). A shift of every 
absorption was observed. The new compound obtained can be identified as the unstable cis 
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isomer by considering that the aromatic protons of the naphthalene moieties absorb in the 
range of 6.4-7.7 ppm. This lower range is indeed indicative of a cis geometry, due to the 
closer proximity of the naphthalene groups. The absence of residual peaks of the stable cis 
indicates a conversion higher than 95%. 
 
Subsequently, the temperature of the sample was increased to 30ºC for about 15 min, 
and the solution appeared now colorless. Its 
1H-NMR spectrum was then measured again at 
-50ºC (Figure 11c). All the absorptions shifted once again. A comparison with previous 
results on the five-five membered ring motor measured in the same solvent (chapter 2) 
indicates that this new quantitatively formed isomer is the stable cis (range of the 
absorptions of the aromatic protons from about 6.3 to 7.8 ppm).  
 
A second irradiation experiment was performed irradiating the same sample with a 365 
nm lamp for 4 h, while kept at -75ºC in an ethanol bath. The color changed once again to 
yellow. Its 
1H-NMR spectrum was then measured at -50ºC (Figure 11d). Again, a shift of 
all the absorptions of the motor moiety was observed, implying a conversion to a new 
isomer, which can be identified as the unstable trans by considering the absorption range 
of the aromatic protons of the naphthalene moiety (7.3-8.2 ppm) and comparing with 
previous results (chapter 2).  The absence of residual peaks of the stable trans indicates a 
conversion higher than 95% 
 
The sample was then warmed to 30ºC for ca. 10 min, and subsequently another 
1H-
NMR spectrum was acquired at -50ºC (Figure 11e). This spectrum was identical to that 
shown in Figure 11a (stable trans  6.2), indicating that the second thermal step has 
occurred, and a full 360º cycle around the central double bond has been performed. 
 
It is remarkable that in both photochemical steps, at the PSS the conversion to the 
unstable isomer appears to be complete within the resolution limit of 
1H-NMR 
spectroscopy. 
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a) 
     
Ha                      Hd        He     Hb    Hc      Hf      Hq Hr       Hp    stable trans 
b) 
     
He       Hd    Hp Hf   Hq    Hr   Ha  Hc       Hb    unstable cis 
c) 
     
He      Hd      Hf     Hq      Hr       Hp   Hc         Ha       Hb   
stable cis 
d) 
     
Ha                    Hd        He   Hb   Hc      Hf        Hq   Hr      Hp    unstable trans 
e) 
stable trans 
     
ppm 6.50 7.00 7.50 8.00 8.50  
 
Figure 11: 
1H-NMR spectra of motor 6.2 in DCM-d2. a) stable cis; b) PSS after first irradiation (λ = 365 nm): 
unstable trans; c) first thermal step: stable trans; d) PSS after second irradiation (λ = 365 nm): unstable cis; e) 
second thermal step: stable cis. (all the spectra were acquired at -50ºC). 
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Based on the 
1H-NMR analysis of photochemical and thermal isomerization steps, we 
can conclude that molecule 6.2 functions as a controllable unidirectional rotor. The full 
rotary cycle is shown in Scheme 8. Moreover, the aromatic ring of the benzylic group has 
been observed to be free to rotate in all the four isomers. 
 
 
 
   
λ = 365 nm 
stable trans 6.2  unstable cis 6.2 
Δ  Δ 
λ = 365 nm 
  unstable trans 6.2  stable cis 6.2 
 
 
Scheme 8: Rotary cycle of motor 6.2. 
 
 
 
6.3.5  UV/Vis measurements 
 
A 8.0·10
-5 M solution of motor trans 6.2 in dichloromethane was used for UV/Vis 
spectroscopic measurements. The UV/Vis spectra of the first half of the cycle are shown in 
Figure 12a. The spectrum at -30ºC was acquired, presenting two maxima at 356 nm and 
373 nm. The sample was kept at this temperature and irradiated with a 365 nm light until 
the PSS was reached. As in the 
1H-NMR experiments a conversion of stable trans 6.2 
higher than 95% was observed after irradiation, and considering that the solvent and the 
wavelength of light used in this UV/Vis experiments were the same (DCM and 365 nm), 
the same conversion can be expected. This means that the UV/Vis spectrum at the PSS is 
representative of the unstable cis 6.2 isomer. A bathochromic and hypochromic effect was 
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observed, which showed a maximum at 404 nm and a shoulder at about 420 nm. This red-
shift is consistent with the generation of a higher energy isomer (ground state/HOMO 
destabilization) due to the increased strain on the central double bond (in agreement with 
calculated energies in section 6.3.3 and electrochemical measurements in ref. 25). 
Increasing the temperature to 30ºC for 30 min resulted in the UV/Vis spectrum changing to 
give a maximum at 373 nm. This UV/Vis spectrum is characteristic of a stable cis isomer, 
and suggests therefore that the expected thermal rearrangement did occur. 
 
For the study of the second half of the rotary cycle with UV/Vis spectroscopic 
measurements, a 8.0·10
-5 M solution of motor cis 6.2 in dichloromethane was prepared. 
The data are shown in Figure 12b. The spectrum at -50ºC of the solution was acquired, 
presenting a maximum at 373 nm. The sample was kept at this temperature and irradiated 
with 365 nm light until the PSS was reached. As in the NMR experiments a conversion of 
stable cis 6.2 higher than 95% was observed after irradiation, and considering that the 
solvent and the wavelength of light used in this UV/Vis experiments were the same (DCM 
and 365 nm), the same conversion can be expected. This means that the UV/Vis spectrum 
at the PSS is representative of the unstable trans  6.2 isomer. A bathochromic and 
hyperchromic effect was observed, which showed a maximum at 401 nm. As before, this 
red-shift is consistent with the generation of a higher energy isomer, due to the increased 
strain on the central double bond (see calculated energies in section 6.3.3 and 
electrochemical analysis in ref. 25). Increasing the temperature to 20ºC for 10 min led the 
UV/Vis spectrum to change to give two maxima at 356 and 373 nm. This UV/Vis spectrum 
was found to be similar to the spectrum of the initial isomer stable trans 6.2 (Figure 12a). 
The slight difference in the UV/Vis of stable trans 6.2 in the final spectrum after one cycle 
compared with the one of the initial stable trans 6.2 can be expected since the conversion 
at the two PSS is higher then 95% but might be less then 100%. Therefore, after 
completing one cycle of rotation, the amount of motor present as the trans isomer is nearly 
100%, with a small amount of the sample being in the cis configuration. 
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b)  a) 
Figure 12: UV/Vis spectra of compound 6.2 (8.0·10
-5 M in DCM). a) first half of the cycle (all the spectra at 
-30ºC): stable trans (thick line), PSS after irradiation (main product: unstable cis, thin line), after thermal 
inversion (main product: stable cis, dotted line); b) second half of the cycle (all the spectra at -50ºC): sample 
after the first thermal inversion (thick line, main product: stable cis), PSS after irradiation (main product: 
unstable trans, thin line), after thermal inversion (main product: stable trans, dotted line). 
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In order to demonstrate the unimolecularity of each of the four steps of the cycle and 
reinforce the evidence for the unidirectional rotation of the motor, the presence of 
isosbestic points was verified for each of the four steps. The results are shown in Figure 13. 
Figure 13a and Figure 13c refer to the photochemical steps, and were obtained at regular 
intervals during irradiation; Figure 13b and Figure 13d refer to the thermal steps, and were 
obtained at intervals of few minutes during the thermal inversion. 
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d)  c) 
 
Figure 13: UV/Vis irradiation and thermal inversion experiments for 6.2  (8.0·10
-5 M in DCM). a) 
photochemical step from stable trans to unstable cis (λ = 365 nm); b) thermal step from unstable cis to stable 
cis (0ºC < T < 20ºC); c) photochemical step from stable cis to unstable trans (λ = 365 nm); d) thermal step 
from unstable trans to stable trans (-20ºC < T < 0ºC). 
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6.3.6  Kinetic study 
 
UV/Vis spectroscopic measurements were also performed to study the kinetics of the 
two thermal steps. 
A 300 nm filter was mounted on the exit of the UV/Vis light source to cut off high 
energy light that might otherwise induce unwanted photochemistry during the thermal 
conversion. The changes in UV/Vis absorption spectrum as a function of time due to the 
thermal inversion at the specific wavelengths at different temperatures (10, 20, 25 and 
30ºC for the thermal step of unstable cis 6.2 to stable cis 6.2 and -10, 0, 10, and 20ºC for 
the thermal step of unstable trans 6.2 to stable trans 6.2) were measured. From these data 
the rate constants (k) for the first-order thermal helix inversion processes at the different 
temperatures were obtained. The enthalpy of activation (Δ
‡Hº) and entropy of activation 
(Δ
‡Sº) were determined from the rate constant by means of the Eyring plot, and from this, 
the Gibbs free energy of activation (Δ
‡G20ºC) and the half life (t1/2
20ºC) at room temperature 
(20ºC) were calculated. The Eyring plots of the first thermal step (unstable cis to stable cis) 
and of the second thermal step (unstable trans to stable trans) are shown in Figure 14a and 
Figure 14b, respectively. The thermodynamic data are shown in Table 8. 
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Figure 14: Eyring plot of motor 6.2, relative to: a) the first thermal step (unstable to stable cis), and b) the 
second thermal step (unstable to stable trans). 
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  unstable to stable trans unstable  to  stable  cis 
k
20ºC  1.9·10
-2 s
-1  8.6·10
-4 s
-1 
Δ
‡Hº  48 kJ·mol
-1 72  kJ·mol
-1 
Δ
‡Sº  -115 J·K
-1·mol
-1 -59  J·K
-1·mol
-1 
Δ
‡G20ºC  81 kJ·mol
-1 89  kJ·mol
-1 
t1/2
20ºC  37 s  13 min 
 
Table 8: Thermodynamic data for motor 6.2. 
 
 
 
6.4  Biphenyl motor 
 
 
6.4.1  Retrosynthetic analysis 
 
The restrosynthesis of motor 6.3 is shown in Scheme 9. Motor 6.3 can be obtained by 
McMurry coupling of ketone 6.13, which can be obtained by ring closure of the acid of 
ester 6.14. The biphenyl group can be obtained via Suzuki coupling of bromide 6.15 with 
arylboronic acid. Finally, bromide 6.15 can be prepared from the commercially available 
ethyl 2-(4-bromophenyl)acetate and 2-(bromomethyl)naphthalene.  
 
 
 
6.3  6.13
6.15   6.14 
 
 
Scheme 9: Retrosynthesis of motor 6.3. 
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6.4.2  Synthesis 
 
The synthesis of motor 6.3 is shown in Scheme 10. Ethyl 2-(4-bromophenyl)acetate 
was deprotonated with potassium hexamethyldisilazane (KHMDS) and alkylated with 2-
(bromomethyl)naphthalene according to a letterature procedure.
26 Subsequently, product 
6.15 was reacted with arylboronic acid in a palladium catalyzed Suzuki coupling,
27 giving 
the biphenyl in high yield. Next, the ester group was hydrolyzed with sodium hydroxide, 
and the obtained acid (6.16) was activated with oxalylchloride (6.17) and treated with 
aluminium trichloride to give ring-closure to ketone 6.13, with an overall yield of 62% 
from acid 6.16. The key step in the synthesis is the McMurry coupling of ketone 6.13 
which resulted in a mixture of trans and cis isomers in an approximate ratio of 4:3 
(calculated on the basis of the 
1H-NMR integrals), in an overall yield of 24%. The two 
isomers were distinguished on the basis of their 
1H-NMR in the aromatic region, as in the 
cis isomer the interaction between the two naphthalene moieties causes their protons to 
shift to higher field than in the trans isomer (see 
1H-NMR experiments, section 6.4.4). 
Flash column chromatography was not successful for the separation of the two isomers. 
With slow recrystallization, instead, crystals of pure trans 6.3 could be obtained, which 
were used for further measurements.  
 
 
6.4.3  Molecular modeling 
 
For a better insight into the molecular structure of motor 6.3, computer modeling was 
performed on all the four isomers of the rotary cycle. 
The structures were drawn adding an aryl group to the previously calculated structures of 
motor 6.1. The optimizations were performed at the DFT B3-LYP 6-31G(d,p) level of 
theory with the Gaussian 03W software package.
10  The final DFT optimized structures of 
the four isomers are shown in Figure 15.  
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6.15  6.14 
6.17  6.16 
6.13    cis 6.3  trans 6.3 
 
Scheme 10: Synthesis of motor 6.3. 
 
 
In Table 9 the most important geometrical features of motor 6.3 are reported, together 
with those of motor 6.1 and of the 5-5 membered ring methyl motor (see Chapter 2) for 
comparison. Specifically, the double bond length, and the four dihedral torsion angles 
formed by the two doubly bonded carbons and the four carbons connected to them are 
reported; an average of the deviation from ideality (0º or 180º) of these four dihedral angles 
is also indicated. 
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a)  b) 
196.7º  166.3º 
 
 
8.0º  19.8º    5.2º 
  5.2º 
  165.8º  152.9º   
           
c)  d) 
     146.3º  152.3º 
 
 
24.2º  24.2º    27.4º  28.0º 
 
  165.2º  152.3º   
 
Figure 15: Structures and Newman projections of 6.3 calculated at the DFT B3LYP 6-31G(d,p) level of 
theory. a) stable trans; b) stable cis; c) unstable trans; d) unstable cis. 
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1 
1' 
2'  3' 
2 3  1 
2 3 
1' 
3'  2' 
 
stable trans  R=-C6H4-C6H5 
(6.3) 
R=-C6H5 (6.1)  R=Me 
211’2’ 152.9  153.2  152.8 
311’3’ 163.3  163.1  159.9 
211’3’ 5.2  4.9  3.5 
311’2’ 5.2  4.9  3.5 
average 13.5  13.4  13.6 
1-1’ 1.36 1.36  1.36 
      
stable cis  R=-C6H4-C6H5 
(6.3) 
R=-C6H5 (6.1)  R=Me 
211’2’ 19.8  19.8  17.2 
311’3’ 8.0  7.8  4.2 
211’3’ 165.8  166.2  169.3 
311’2’ 166.3  166.2  169.3 
average 13.9  13.8  10.7 
1-1’ 1.36 1.36  1.36 
      
unstable 
trans 
R=-C6H4-C6H5 
(6.3) 
R=-C6H5 (6.1)  R=Me 
211’2’ 146.3  146.5  142.2 
311’3’ 165.2  165.0  162.5 
211’3’ 24.2  24.2  27.7 
311’2’ 24.2  24.2  27.7 
average 24.2  24.2  27.7 
1-1’ 1.37 1.37  1.37 
      
unstable cis  R=-C6H4-C6H5 
(6.3) 
R=-C6H5 (6.1)  R=Me 
211’2’ 27.4  26.9  31.4 
311’3’ 28.0  27.0  25.3 
211’3’ 152.3  153.0  151.7 
311’2’ 152.3  153.0  151.7 
average 27.7  27.0  28.3 
1-1’ 1.37 1.37  1.37 
 
Table 9: Geometrical parameters calculated for the four isomers of motor 6.3, motor 6.1 and for the five-five 
membered ring methyl motor (dihedral angles in degrees and lengths in Angstroms). 
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It can be seen that the length of the central double bond in motor 6.3 does not present a 
difference with that of motor 6.1 and with the 5-5 membered ring methyl motor in any of 
the four isomers. 
Also, on the basis of the reported dihedral angles, the distorsion of the double bond in 
motor 6.3 does not deviate significantly from the distorsion of the double bond in motor 
6.1 in any of the four isomers. This confirms that, as could already be expected, the 
addition of a further aryl group in the para position as present in 6.3 does not significantly 
change the geometry of the motor. 
In conclusion, the same considerations for motor 6.1 stand also for motor 6.3. 
 
Additionally, DFT thermochemical analysis at 25ºC was performed to calculate the 
energies of all the four stable isomers of motor 6.3 Their relative values after zero point 
energy correction are shown in Figure 16. 
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Figure 16: Relative energies (kJ/mol) of the four isomers of motor 6.3, calculated by DFT thermochemical 
analysis at 25ºC. 
 
 
In this case calculations on the transition states were not performed. Therefore, conclusions 
on the expected half life of the two unstable forms can not be drawn. 
 
 
 
6.4.4  
1H-NMR measurements 
 
The rotary cycle was followed with 
1H-NMR spectroscopy, in order to verify that it 
occurs in the expected unidirectional fashion. 
In Figure 17a the region between 8.1 and 6.4 ppm of the 
1H-NMR spectrum of a sample 
of motor trans 6.3 in DCM-d2 at -50ºC is shown. All the absorptions of the naphthalene 
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moiety can be assigned by comparison with the data reported for motor 6.1 (vide supra). 
The absorption at 7.46 ppm, very broad at -50ºC, appears like a sharp doublet at 25ºC 
(inset), and is relative to two protons of the most internal ring of the biphenyl group 
(conclusion based on the coupling constants calculation). This suggests that the freedom of 
rotation of the biphenyl is significantly more limited at lower temperatures. The same 
result was observed for stable trans 6.1 (broad absortion at 7.2 ppm in Figure 3c). 
 
The sample was irradiated with a 365 nm lamp for 4 h, while kept at -75ºC in an 
ethanol bath. The spectrum was measured again at -50ºC (Figure 17b) showing that every 
absorption shifted. The new isomer obtained can be identified as the unstable cis by 
considering that the aromatic protons of the naphthalene moieties absorb in the range of 
6.6-7.8 ppm. No residual peaks of the initial stable trans are visible, indicating full 
photoconversion. 
 
Subsequently, the sample was left in the dark at room temperature for 4 d, and then 
measured again at -50ºC (Figure 17c). All the absorptions shifted once again. A 
comparison with previous results on motor 6.1 indicates that this new isomer is the cis 
stable (absorptions of the aromatic protons range from about 7.8 to 6.5 ppm).  
Interestingly, absorptions of stable trans isomer are now visible in an amount of ca. 5%. As 
in the photoisomerization step no residual stable trans was found, this indicates that the 
unstable  cis, although the stable cis isomer remains the main product, can thermally 
convert also back to the stable trans isomer in a minor but detectable amount. 
 
A second irradiation experiment was performed by irradiating the same sample with a 
365 nm lamp for 4 h, while kept at -75ºC in an ethanol bath. The 
1H-NMR was then 
measured again at -50ºC (Figure 17d). Again, a shift of all the absorptions of the motor 
moiety was observed, implying conversion to a new isomer, which can be identified as the 
unstable trans by considering the absorption range of the aromatic protons (7.1-8.0 ppm) 
and comparing with previous results of motor 6.1. The aryl group in the unstable trans 
isomer of motor 6.1 appeared to be blocked from free rotation, as demonstrated by the fact 
that all its five protons absorb at different frequencies (Figure 3b). In case of motor 6.3, the 
same result is expected, but due to the overlap of the absorptions, it can not be verified. 
On the basis of the integrals of the absorptions in the 
1H-NMR spectrum, the stable 
cis/unstable trans isomeric ratio at the PSS was calculated to be 15:85. 
 
The sample was then warmed to 25ºC for ca. 15 min, and subsequently another 
1H-
NMR spectrum was acquired at -50ºC (Figure 17e). This spectrum was identical to the one 
in Figure 17a (stable trans 6.3), indicating that the second thermal step has occurred, and a 
full 360º cycle around the central double bond has been performed. The absorptions of the 
residual stable cis at the PSS are visible (for example at 6.50, 6.95, 7.48, 7.77 ppm). The 
absorptions of the unstable cis isomer from the photoisomerization of the residual trans 
isomer left after the first half of the cycle (for example at 6.64, 7.6, 7.67 ppm) are visible 
also. 
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a) 
 
Hd         He+Ha               Hbp    Hc    Hf          Hb 
stable trans 
7.25 7.50 7.75
25ºC 
b) 
He        Hd                    Hbp     Hf    Ha                         Hc                             Hb 
unstable cis 
     
c) 
     
He        Hd                      Hf      Hbp                    Hc          Ha                Hb 
stable cis 
d) 
 
Ha                                           Hd     He    Hb   Hc   Hf      Hbp 
unstable trans 
e) 
stable trans 
 
ppm
6.50 7.00 7.50 8.00
 
 
Figure 17: 
1H-NMR measurements of motor 6.3 in DCM-d2. a) stable trans (-50ºC; inset at 25ºC); b) PSS 
after first irradiation (λ = 365 nm): unstable cis (-50ºC); c) first thermal step: stable cis (-50ºC); d) PSS after 
second irradiation (λ = 365 nm): unstable trans (-50ºC); e) second thermal step: stable trans (-50ºC). 
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It should be noted that the fact that the unstable cis can thermally lead to stable trans 
(even in a small amount) does not compromise the unidirectionality of the rotation, as the 
unstable to stable cis and the unstable to stable trans thermal steps are irreversible. 
 
In a final analysis, we can conclude that molecule 6.3 functions as a controllable 
unidirectional rotor. The full rotary cycle is shown in Scheme 11. 
 
 
 
   
λ = 365 nm 
λ = 365 nm 
or Δ 
stable trans 6.3  unstable cis 6.3 
Δ  Δ 
λ = 365 nm 
  unstable trans 6.3  stable cis 6.3 
 
Scheme 11: Rotary cycle of motor 6.3. 
 
 
 
6.4.5  UV/Vis measurements 
 
A 1.3·10
-5 M solution of motor trans  6.3  in dichloroethane was used for UV/Vis 
spectroscopic measurements. The UV/Vis spectra of the first half of the cycle are shown in 
Figure 18a. The spectrum at 0ºC was acquired, presenting two maxima at 359 nm and 376 
nm. The sample was kept at this temperature and irradiated with a 365 nm light until the 
PSS was reached. As in the NMR experiments a conversion of stable trans 6.3 of ca. 95% 
was observed after irradiation, and considering that the light used was the same employed 
in this experiment, a very similar conversion can be expected here. This means that the 
UV/Vis spectrum at the PSS is representative of the unstable cis  6.3 isomer. A 
bathochromic and hypochromic effect were observed, with a maximum at 405 nm. This 
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red-shift is consistent with the generation of a higher energy isomer, due to the increased 
strain on the central double bond. Increasing the temperature to 60ºC for 20 min led the 
UV/Vis spectrum to change to give a maximum at 378 nm. This UV/Vis spectrum is 
characteristic of a stable cis  isomer, and suggests therefore that the expected thermal 
rearrangement did occur. 
 
The same sample was used for the study of the second half of the cycle; UV/Vis spectra 
are shown in Figure 18b. Light at 365 nm was used to irradiate at -30ºC the previously 
obtained cis 6.3. When the PSS was reached, a UV/Vis spectrum was acquired at -30ºC. 
According to the 
1H-NMR experiments, it is expected that ca. 85% of the compound is 
now present as the unstable trans isomer. Also in this case a bathochromic effect, with two 
maxima at 390 and 407 nm, is clearly visible (indicating the formation of a higher energy 
isomer), together with an increase of absorption.  
 
After performing the second thermal step by increasing the temperature to -10ºC, the 
resulting UV/Vis spectrum obtained was found to be similar to the spectrum of the initial 
isomer stable trans 6.3. The slight difference in the UV/Vis of stable trans 6.3 in the final 
spectrum after one cycle compared with the one of the initial stable trans 6.3 is expected 
since the two PSS are not quantitative, and after completing one cycle the amount of trans 
is <100%, with some of the sample being in the cis state. 
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b) 
Figure 18: UV/Vis study of molecule 6.3 (1.3·10
-5 M in DCM). a) first half of the cycle: stable trans (thick 
line), PSS after irradiation (main product: unstable cis, thin line), after thermal inversion (main product: 
stable cis, dotted line); b) second half of the cycle: sample after the first thermal inversion (thick line, main 
product: stable cis), PSS after irradiation (main product: unstable trans, thin line), after thermal inversion 
(main product: stable trans, dotted line). 
 
 
In order to demonstrate the unimolecularity of each of the four steps of the cycle and 
show then the evidence of the four steps of the unidirectional rotation, the presence of 
isosbestic points was verified for each of the four steps. The results are shown in Figure 19. 
Figure 19a and Figure 19c refer to the photochemical steps, and were obtained at regular 
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intervals during irradiation; Figure 19b and Figure 19d refer to the thermal steps, and were 
obtained at regular intervals of time during the thermal inversions. 
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Figure 19: UV/Vis irradiation and thermal inversion experiments for 6.3  (1.3·10
-5 M in DCM). a) 
photochemical step from stable trans to unstable cis (λ = 365 nm); b) thermal step from unstable cis to stable 
cis (T = 30ºC); c) photochemical step from stable cis to unstable trans (λ = 365 nm); d) thermal step from 
unstable trans to stable trans (-10ºC < T < 10ºC). 
 
 
 
6.4.6  Kinetic study 
 
UV/Vis spectroscopic measurements were also performed to study the kinetics of the 
two thermal steps. A 300 nm filter was mounted on the exit of the UV/Vis light source to 
cut off high energy light that might otherwise induce unwanted photochemistry during the 
thermal conversion. The changes in UV/Vis absorption spectrum as a function of time due 
to the thermal inversion at the specific wavelengths at different temperatures (35, 45, 55 
and 65ºC for the thermal step of unstable cis 6.3 to stable cis 6.3 and -15, -5, 0, and 5ºC for 
the thermal step of unstable trans 6.3 to stable trans 6.3) were measured. From these data 
the rate constants (k) for the first-order thermal helix inversion processes at the different 
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temperatures were obtained. The enthalpy of activation (Δ
‡Hº) and entropy of activation 
(Δ
‡Sº) were determined from the rate constant by means of the Eyring plot, and from this, 
the Gibbs free energy of activation (Δ
‡G20ºC) and the half life (t1/2
20ºC) at room temperature 
(20ºC) were calculated. The Eyring plots of the first thermal step (unstable cis to stable cis) 
and of the second thermal step (unstable trans to stable trans) are shown in Figure 20a and 
Figure 20b, respectively. The thermodynamic results are shown in Table 10. 
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Figure 20: Eyring plot of motor 6.3, relative to: a) the first thermal step (unstable to stable cis), and b) the 
second thermal step (unstable to stable trans). 
 
 
 
 unstable  to  stable  trans unstable  to  stable  cis 
k
20ºC  3.6·10
-2 s
-1  9.6·10
-6 s
-1 
Δ
‡Hº  79 kJ·mol
-1  97 kJ·mol
-1 
Δ
‡Sº  -4.1 J·K
-1·mol
-1  -8.6 J·K
-1·mol
-1 
Δ
‡G20ºC  80 kJ·mol
-1  100 kJ·mol
-1 
t1/2
20ºC  19 s  20 h 
 
Table 10: Thermodynamic data for motor 6.3. 
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6.5  p-Phenyl-benzyl motor 
 
 
6.5.1  Retrosynthetic analysis 
 
The retrosynthesis of motor 6.4 is shown in Scheme 12. Motor 6.4 can be prepared with 
a McMurry coupling from ketone 6.18. The biphenyl group can be made via Suzuki 
coupling from ketone 6.19, which can be obtained by Friedel-Crafts intramolecular 
acylation of acid 6.20. Acid 6.20 can be obtained from the ester of 3-(4-
iodophenyl)propanoic acid 6.21 by meant of α-alkylation with 2-
(bromomethyl)naphthalene. Finally, acid 6.21 can be prepared from 3-phenylpropanoic 
acid according to the method for the iodination of aromatic compounds.
28 
 
 
 
O
O
I
OH
O
I OH
O
I
OH
O
 
6.18  6.4 
6.19  6.21  6.20 
 
Scheme 12: Retrosynthetic analysis of motor 6.4. 
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6.5.2  Synthesis 
 
The synthesis of motor 6.4 is shown in Scheme 13
29. Iodination of 3-phenylpropanoic 
acid
28 gave product 6.21 in good yield. Next, methoxy ester 6.22 was prepared, and 
subsequently treated with freshly prepared lithium diisopropylamide (LDA). The obtained 
enolate was immediately allowed to react with 2-(bromomethyl)naphthalene, which gave 
product 6.23 in 70% yields. The ester group was hydrolyzed, and the obtained carboxylic 
group was activated with thionylchloride, to form the acylchloride 6.24. This product was 
immediately treated with aluminum trichloride to perform a ring closure via intramolecular 
Friedel-Crafts acylation, which gave ketone 6.19 in 69% yield. Next, a Suzuki coupling 
with benzeneboronic acid was performed to obtain ketone 6.18 in 90% yield.  
The key step in the synthesis was the homocoupling of ketone 6.18 in presence of low 
valent titanium (McMurry coupling), which gave product 6.4 as a mixture of trans and cis 
isomer, in a trans/cis ratio of 3:1, and an overall yield of 59%. The two isomers were 
distinguished on the basis of their 
1H-NMR in the aromatic region, as in the cis isomer, due 
to the interaction between the two naphthalene moieties, the shifts of the naphthalene 
protons are more upfield than in the trans (see Figure 23a and c). 
 
Separation of trans-6.4 and cis-6.4 was achieved with flash column chromatography on 
silica gel only with addition of 10% silver nitrite.
23 
 
 
6.5.3  Molecular modeling 
 
For a better insight in the molecular structure of motor 6.4, computer modeling was 
performed on all the four isomers of the rotary cycle. 
The structures were drawn adding an aryl group to the previously calculated structures of 
motor 6.2. The optimizations were performed at the DFT B3-LYP 6-31G(d,p) level of 
theory with the Gaussian 03W software package.
10 The final DFT optimized structures of 
the four isomers are shown in Figure 21. 
It can be seen that the length of the central double bond in motor 6.4 does not present any 
difference with motor 6.2 and with the 5-5 membered ring methyl motor in any of the four 
isomers. 
Also, on the basis of the reported dihedral angles, the distorsion of the double bond in 
motor 6.4 does not deviate significantly from the distorsion of the double bond in motor 
6.2 in any of the four isomers. This confirms that, as could already be expected, the 
addition of a further aryl group in the para position does not significantly change the 
geometry of the motor. In conclusion, the same considerations for motor 6.2 stand also for 
motor 6.4. 
 
Additionally, DFT thermochemical analysis at 25ºC was performed to calculate the 
energies of all the four stable isomers of motor 6.4 Their relative values after zero point 
energy correction are shown in Figure 22. 
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Scheme 13: Synthesis of motor 6.4. 
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a)  b) 
170.0º  200.0º 
 
  16.3º  3.7º 
  4.4º  4.4º 
 
170.0º    151.3º 
 
               
c)  d) 
  141.3º  150.2º 
 
  29.3º 33.1º  26.3º  29.3º   
 
  150.5º  160.0º 
 
 
Figure 21: Structures and Newman projections of 6.4 calculated at the DFT B3LYP 6-31G(d,p) level of 
theory. a) stable trans; b) stable cis; c) unstable trans; d) unstable cis. 
In Table 11 the most important geometrical features of motor 6.4 are summarized, together with those of 
motor 6.2 and of the 5-5 membered ring methyl motor (see Chapter 2) for comparison. Specifically, are 
shown the double bond length, and the four dihedral torsion angles formed by the two olefinic carbons and 
the four carbons connected to them; an average of the deviation from ideality (0º or 180º) of these four 
dihedral angles is also indicated. 
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1  1  3  2  3  2 
2' 3'  3'  2' 1'  1' 
 
stable trans  R=-CH2-C6H4-C6H5 
(6.4) 
R=-CH2-C6H5 
(6.2)  R=Me 
211’2’ 151.3  151.1  152.8 
311’3’ 160.0  160.2  159.9 
211’3’ 4.4  4.5  3.5 
311’2’ 4.4  4.5  3.5 
average 14.4  14.4  13.6 
1-1’ 1.36  1.36  1.36 
      
stable cis  R=-CH2-C6H4-C6H5 
(6.4) 
R=-CH2-C6H5 
(6.2)  R=Me 
211’2’ 16.3  16.8  17.2 
311’3’ 3.7  3.8  4.2 
211’3’ 170.0  169.7  169.3 
311’2’ 170.0  169.7  169.3 
average 10.0  10.3  10.7 
1-1’ 1.36  1.36  1.36 
      
unstable 
trans 
R=-CH2-C6H4-C6H5 
(6.4) 
R=-CH2-C6H5 
(6.2)  R=Me 
211’2’ 141.3  141.3  142.2 
311’3’ 160.0  159.7  162.5 
211’3’ 29.3  29.5  27.7 
311’2’ 29.3  29.5  27.7 
average 29.3  29.5  27.7 
1-1’ 1.37  1.37  1.37 
      
unstable cis  R=-CH2-C6H4-C6H5 
(6.4) 
R=-CH2-C6H5 
(6.2)  R=Me 
211’2’ 33.0  32.2  31.4 
311’3’ 26.3  25.7  25.3 
211’3’ 150.2  151.0  151.7 
311’2’ 150.5  151.0  151.7 
average 29.7  29.0  28.3 
1-1’ 1.37  1.37  1.37 
 
Table 11: Geometrical parameters calculated for the four isomers of motor 6.4, motor 6.2 and for the five-
five membered ring methyl motor. (dihedral angles in degrees and lengths in Angstroms). 
 
 
 
  298Molecular motors with aromatic groups at the stereogenic centers 
 
unstable 
trans
23.6
stable cis
0.0
unstable 
cis
28.4
stable 
trans
12.1
0.0
10.0
20.0
30.0
40.0
50.0
r
e
l
a
t
i
v
e
 
e
n
e
r
g
y
 
(
k
J
/
m
o
l
)
 
 
Figure 22: Relative energies (kJ/mol) of the four isomers of motor 6.4, calculated by DFT thermochemical 
analysis at 25ºC. 
 
 
Also in this case, calculations on the transition states were not performed. Therefore, 
conclusions on the expected half lives of the two unstable forms can not be drawn. 
 
 
 
6.5.4  
1H-NMR measurements 
 
In Figure 23a the region between 9 and 6 ppm of the 
1H-NMR spectrum of a sample of 
motor trans 6.4 in DCM-d2 at -50ºC is shown. All the absorptions in the aromatic region 
can be assigned by comparison with the data reported for motor 6.2 (vide supra) and in 
chapter 2 for the five-five membered ring motor (the absorptions left without assignment 
belong to the protons of the biphenyl group). 
 
The sample was irradiated with a 365 nm lamp for 4 h, while kept at -75ºC in an 
ethanol bath. The color changed from slightly yellow to more intense yellow. The spectrum 
was then measured again at -50ºC (Figure 23b) and a shift of every absorption is observed. 
The new isomer obtained can be identified as the unstable cis by considering that the 
aromatic protons of the naphthalene moieties absorb in the range of 6.5-7.7 ppm, and the 
absorptions could be assigned by comparison with the data reported for motor 6.2 (vide 
supra). A lower range in absorption for the naphthalene moiety is indeed consistent with a 
cis conformation, as the two naphthalene moieties are in closer proximity. No residual 
stable trans is detectable, implying a quantitative photoconversion on 
1H-NMR scale. 
 
Subsequently, the temperature of the sample was increased to 30ºC for about 15 min. 
The color of the sample changed for less intense yellow. The spectrum was then measured 
again at -50ºC (Figure 23c). All the absorptions resulted shifted once again. A comparison 
with previous results on motor 6.2 (vide supra) and on the five-five membered ring motor 
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measured in the same solvent (chapter 2) indicates that this new isomer is the stable cis 
(range of the absorptions of the aromatic protons from about 6.3 to 7.8 ppm). 
Interestingly, absorptions of stable trans isomer are now visible in an amount of ca. 5% 
(see region between 7.8 and 8.5 ppm). As in the photoisomerization step no residual stable 
trans was found, which indicates that the unstable cis, although the stable cis isomer 
remains the main product, can thermally convert also back to the stable trans isomer in a 
minor but detectable amount. 
 
A second irradiation experiment was performed on the same sample with a 365 nm 
light for 4 h, while kept at -75ºC in an ethanol bath. The 
1H-NMR spectrum was then 
measured at -50ºC (Figure 23d). A shift of all the absorptions of the protons of the motor 
moiety was observed, implying full conversion to a new isomer, which can be identified as 
the unstable trans by considering the absorption range of the aromatic protons of the 
naphthalene moiety (7.2-8.2 ppm) and comparing with previous results (chapter 2 and 
motor  6.2).  Also in this case, the yellow color of the sample became more intense. 
Residual stable cis is not detected, implying a quantitative photoconversion with the limit 
of 
1H-NMR spectroscopic detection. 
 
The sample was then warmed to room temperature for ca. 2 min, and subsequently 
another 
1H-NMR was acquired at -50ºC (Figure 23e). This spectrum was identical to the 
one in Figure 23a (stable trans 6.4), indicating that the second thermal step has occurred, 
and a full 360º cycle around the central double bond has been performed. 
 
It is remarkable that at the PSS the conversion from the stable to the unstable isomer 
appeared to be higher than 95% in both photochemical steps. 
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a) 
 
stable trans  Ha               Hd         He     Hb     Hc     Hf           Hz 
b) 
unstable cis 
     
He+Hd                            Hf   Hz   Ha  Hc       Hb 
c) 
     
stable cis 
He      Hd                     Hf    Hz            Hc            Ha        Hb   
d) 
unstable trans 
 
Ha            Hd         He   Hb   Hc                   Hf     Hz 
e) 
 
stable trans 
ppm
6.50 7.00 7.50 8.00 8.50
 
 
Figure 23: 
1H-NMR measurements of motor 6.4 in DCM-d2. a) stable trans; b) PSS after first irradiation (λ = 
365 nm): unstable cis; c) first thermal step: stable cis; d) PSS after second irradiation (λ = 365 nm): unstable 
trans; e) second thermal step: stable trans. (All the spectra were acquired at -50ºC). 
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Based on the spectroscopic data, we can conclude that molecule 6.4 functions as a 
controllable unidirectional rotor. The full rotary cycle is shown in Scheme 14.  
 
 
 
   
λ = 365 nm 
stable trans 6.4  unstable cis 6.4 
Δ  Δ 
λ = 365 nm 
stable cis 6.4  unstable trans 6.4 
 
 
Scheme 14: Rotary cycle of motor 6.4. 
 
 
 
6.5.5  UV/Vis measurements 
 
A 1.4·10
-5 M solution of motor trans 6.4 in dichloromethane was used for UV/Vis 
spectroscopic measurements. The UV/Vis spectra of the first half of the cycle are shown in 
Figure 24a. The spectrum at -15ºC was acquired, presenting two maxima at 356 nm and 
372 nm. The sample was kept at this temperature and irradiated with 365 nm light until the 
PSS was reached. As in the 
1H-NMR experiments a conversion of stable trans 6.4 higher 
than 95% was observed after irradiation, and considering that the solvent and the light used 
were the same employed in this experiment, the same conversion can be expected here. 
This means that the UV/Vis spectrum at the PSS is well representative of the unstable cis 
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6.4 isomer. A bathochromic and hypochromic effect was observed, with a maximum at 404 
nm. This red-shift is consistent with the generation of a higher energy isomer, due to the 
increased strain of the central double bond. Increasing the temperature to 30ºC for about 60 
min led the UV/Vis spectrum to change to give a maximum at 372 nm. This UV/Vis 
spectrum is characteristic of a stable cis isomer, and indicates therefore that the expected 
thermal rearrangement did occur. 
 
The same sample was used for the study of the second half of the cycle; UV/Vis spectra 
are shown in Figure 24b. First, the spectrum of the obtained stable cis 6.4 was reacquired at 
-40ºC. The sample was then irradiated with a 365 nm light while kept at this temperature, 
until the PSS was reached. As in the NMR experiments a conversion of stable cis 6.4 
higher than 95% was observed after irradiation, and considering that the solvent and the 
light used were the same employed in this experiment, the same conversion can be 
expected here. This means that the UV/Vis spectrum at the PSS is representative of the 
unstable trans 6.4 isomer. A bathochromic and hyperchromic effect were observed, with a 
maximum at 402 nm. As before, this red-shift is consistent with the generation of a higher 
energy isomer, due to the increased strain of the central double bond. Increasing the 
temperature to 20ºC for 10 min led the UV/Vis spectrum to change to give two maxima at 
356 and 373 nm. This UV/Vis spectrum was found to be identical to the spectrum of the 
initial isomer stable trans 6.4 (Figure 24a). The slight difference in the UV/Vis of stable 
trans 6.4 in the final spectrum after one cycle compared with the one of the initial stable 
trans 6.4 (the two maxima slightly lower, the region after 400 nm slightly higher) can be 
expected since the conversion at the two PSS is higher then 95% but less then 100% (see 
1H-NMR spectroscopic experiments). Therefore, after completing one cycle of rotation, the 
amount of motor in the trans isomer is nearly 100%, with a minor amount of the sample 
being in the cis configuration (< 5%). 
 
In order to demonstrate the unimolecularity of each of the four steps of the cycle and 
support the 360º unidirectional rotation ability of the motor, the presence of isosbestic 
points was verified for each of the four steps. The results are shown in Figure 25.  Figure 
25a and Figure 25c refer to the photochemical steps, and were obtained at regular intervals 
during irradiation; Figure 25b and Figure 25d refer to the thermal steps, and were obtained 
at regular intervals of time during the thermal inversions. 
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b) 
Figure 24: UV/Vis study of molecule 6.4 (1.4·10
-5 M in DCM). a) first half of the cycle: stable trans (thick 
line), PSS after irradiation (main product: unstable cis, thin line), after thermal inversion (main product: 
stable cis, dotted line); b) second half of the cycle: sample after the first thermal inversion (thick line, main 
product: stable cis), PSS after irradiation (main product: unstable trans, thin line), after thermal inversion 
(main product: stable trans, dotted line). 
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d)  c) 
 
Figure 25: UV/Vis irradiation and thermal inversion experiments for 6.4  (1.4·10
-5 M in DCM). a) 
photochemical step from stable trans to unstable cis (λ = 365 nm); b) thermal step from unstable cis to stable 
cis (T = 60ºC); c) photochemical step from stable cis to unstable trans (λ = 365 nm); d) thermal step from 
unstable trans to stable trans (-10ºC < T < 0ºC). 
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6.5.6  Kinetic study 
 
UV/Vis spectroscopic measurements were also performed to study the kinetics of the 
two thermal steps. A 300 nm filter was mounted on the exit of the UV/Vis light source to 
cut off high energy light that might otherwise induce unwanted photochemistry during the 
thermal conversion. The changes in UV/Vis absorption spectrum as a function of time due 
to the thermal inversion at the specific wavelengths at different temperatures (10, 20, 25 
and 30ºC for the thermal step of unstable cis 6.4 to stable cis 6.4 and -5, 0, 5 and 10ºC for 
the thermal step of unstable trans 6.4 to stable trans 6.4) were measured. From these data 
the rate constants (k) for the first-order thermal helix inversion processes at the different 
temperatures were obtained. The enthalpy of activation (Δ
‡Hº) and entropy of activation 
(Δ
‡Sº) were determined from the rate constant by means of the Eyring plot, and from this, 
the Gibbs free energy of activation (Δ
‡G20ºC) and the half life (t1/2
20ºC) at room temperature 
(20ºC) were calculated. The Eyring plots of the first thermal step (unstable cis to stable cis) 
and of the second thermal step (unstable trans to stable trans) are shown in Figure 20a and 
Figure 20b, respectively. The thermodynamic results are shown in Table 12. 
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Figure 26: Eyring plot of motor 6.4, relative to: a) the first thermal step (unstable to stable cis), and b) the 
second thermal step (unstable to stable trans). 
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 unstable  to  stable  trans unstable  to  stable  cis 
k
20ºC  2.0·10
-2 s
-1  6.1·10
-4 s
-1 
Δ
‡Hº  51 kJ·mol
-1  67 kJ·mol
-1 
Δ
‡Sº  -103 J·K
-1·mol
-1  -78 J·K
-1·mol
-1 
Δ
‡G20ºC  93 kJ·mol
-1  90 kJ·mol
-1 
t1/2
20ºC  34 s  18 min 
 
Table 12: Thermodynamic data for motor 6.4. 
 
 
 
6.6  Conclusions and discussions 
 
 
Four new first generation molecular motors 6.1, 6.2, 6.3 and 6.4, where the methyl 
group at the stereogenic center has been changed for aromatic or benzylic substituents, 
have been successfully synthesized. Their unidirectional rotary function was studied by 
1H-
NMR and UV/Vis spectroscopies, and confirmed in all cases.  
In case of motor 6.1, a slow competing photoconversion from the stable cis isomer directly 
to the stable trans has been observed as a minor pathway.  
In case of motor 6.3, a ca. 5% thermal conversion of the unstable cis back to the stable 
trans has been observed. Remarkably, this does not compromise the unidirectionality of 
the rotation, as the unstable to stable cis and the unstable to stable trans thermal 
isomerization steps are irreversible. 
Moreover, based on temperature dependent 
1H-NMR data in motor 6.1 the free rotation of 
the phenyl group has been found to be blocked in the unstable trans isomer, due to the 
considerable steric hindrance with the naphthalene moiety. Therefore, motor 6.1 can be 
seen as a rotation-on–rotation-off switching system concomitant  with the switching 
between the stable cis and the unstable trans isomers.
17 
The same is expected for motor 6.3. However, due to the overlap of the absorptions of the 
arylphenyl protons in the 
1H-NMR spectroscopic measurements, this could not be verified. 
 
In Table 13 the kinetic data of some of the currently reported five-five membered ring 
first and second generation molecular motors are shown. Considering first and second 
generation motors with the same substituent at the stereogenic center (entries 1 and 2, 3 
and 4, and 8 and 9), it can be concluded that the t1/2‘s values associated with of the second 
generation model are always in between the t1/2’s of the unstable-stable trans and the 
unstable-stable cis thermal isomerization of the first generation analogous. 
 
A correlation between the substituent at the stereogenic center and speed of the thermal 
isomerization for the second generation motors has already been observed.
1 Some 
conclusions can be also drawn for first generation molecular motors regarding the 
unstable-stable trans thermal isomerization step, where the naphthalene moiety has to pass 
over the (more or less bulky) substituent at the stereogenic centers.  
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Motors  6.2 and 6.4 (entries 5 and 7, respectively) have groups connected to the 
stereogenic centers the flexibility of which is comparable, as bonded to the stereogenic 
centers are benzylic groups in both cases. This also implies that comparable steric 
hindrance is offered. 
The half lives of motors 6.2 and 6.4 do not differ significantly from each other. Therefore, 
one further aromatic ring connected in para to the benzylic group in motor 6.4, does not 
affect significantly the speed of the thermal inversions. 
On the contrary, considering motors 6.1 and 6.3 (entries 3 and 6, respectively) where the 
aromatic groups are directly connected to the stereogeric centers, half lives about twice as 
long were found for motor 6.3 compared with 6.1. Therefore, the presence of a group 
which gives more flexibility to the structure (benzylic carbon in motors 6.2 and 6.4) does 
play a role in determining the speed of the rotation. 
 
These connection between structure and speed must be taken into account in a further 
functionalization of molecular motors for future applications in nanotechnology. 
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   unstable-stable trans unstable-stable  cis 
entry motor  t1/2
20ºC
 
Δ
‡G20ºC 
(kJ/mol) t1/2
20ºC   Δ
‡G20ºC 
(kJ/mol)
 
1 
(ref. 3)   
18 s  80  74 min  93 
 
2 
(ref. 1)   
190 s  85     
3 
 
9 s  78  8 h  98 
 
4 
(ref. 1)   
587 s  88     
5 
 
33 s  81  13 min  89 
6 
 
21 s  80  18 h  100 
7 
 
38 s  81  18 min  90 
 
8 
(ref. 30) 
 
1.2 s  71  >1.5 d  101 
9 
(ref. 30) 
 
15 s  79     
6.1 
6.2 
6.3 
6.4 
 
Table 13: Summary of half lives for reported five-five membered ring first and second generation molecular 
motors. 
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6.7  Experimental section 
 
 
6.7.1  General remarks 
 
For general informations, see general remarks  in the experimental section of Chapter 2. 
 
 
6.7.2  Computational details 
 
The Hyperchem v.7.52 software package
24 was first used for a semiempirical PM3 
preoptimization of all the structures. Subsequently, the Gaussian 03W (rev. B.03) software 
package
10 was used for all the other calculations.  
The PM3 structures were used for a further optimization at the DFT B3-LYP/6-31G(d,p) 
level.
31 To verify that they were at energy minima, a frequency analysis was performed, 
which gave only positive eigenvalues in all cases. 
For the 
1H-NMR calculations, the DFT structures were reoptimized at the same level 
including the solvent effect of dichloromethane using the integral equation formalism of 
the polarizable continuum model (IEFPCM).
15 The shielding constants were calculated 
with the gauge-including-atomic-orbital (GIAO) method
14 at the DFT B3-PW91/6-
31G(2d,p) level of theory,
31b,32 also applying the IEFPCM formalism for dichloromethane. 
The values obtained for the shielding constants were converted in a ppm scale by 
subtracting the value obtained for TMS calculated in the same way. This not only makes 
the comparison with experimental data easier, but also compensates to some extent for the 
error due to correlation effects.
33 
 
 
 
 
 
(2R*,2'R*)-(P*,P*)-trans-(±)- and (2R*,2'R*)-(P*,P*)-cis-(±)-2,2'-diphenyl-2,2',3,3'-
tetrahydro-l,l'-bicyclopenta[a]naphthalenylidene  (this structure does not express the 
absolute stereochemistry of the molecule) (6.1): 
Titanium tetrachloride (170 μl, 1.5 mmol) was added dropwise to a suspension of zinc 
powder (203 mg, 3.1 mmol) in 10 ml of dry THF under vigorous stirring at 0ºC. After 
refluxing for 2 h, ketone 6.5 (200 mg, 0.8 mmol) was added, and the solution was heated at 
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reflux overnight. The reaction was quenched with sat. aq. NH4Cl (5 ml), and the mixture 
was extracted 4 times with 15 ml of ethyl acetate. The organic layers were collected, dried 
with MgSO4, filtered, and the solvent was eliminated under vacuum. Flash column 
chromatography on silica gel using heptane with a 0 to 3% gradient of toluene as eluent 
(trans: Rf = 0.21, cis: Rf = 0.14 in heptane/toluene 90:10) gave the trans as a pale yellow 
solid (22 mg, 0.045 mmol, 11%), and the cis isomer as a yellow solid (9 mg, 0.019 mmol, 
5%). Further purification could be achieved by recrystallizing the trans  6.1 from 
DCM/MeOH at 5ºC, and the cis 6.1 from DCM/MeOH at room temperature. 
 
trans: 
1H NMR (400 MHz, CDCl3)δ ppm 7.84 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.1 Hz, 
4H), 7.37-7.32 (m, 2H), 7.27 (d, J = 8.4 Hz, 2H), 7.22-7.11 (m, 10H), 6.87 (t, J = 7.6 Hz, 
2H), 4.29 (d, J = 6.5 Hz, 2H), 3.51 (dd, J = 15.0, 6.6 Hz, 2H), 2.79 (d, J = 14.9 Hz, 2H). 
1H NMR (500 MHz, CD2Cl2, -10ºC) δ ppm 7.84 (d, J = 8.3 Hz, 2H), 7.74 (d, J = 8.1 Hz, 
2H), 7.71 (d, J = 8.3 Hz, 2H), 7.34 (t, J = 7.6 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 7.22-7.14 
(m, 10H), 6.82 (t, J = 7.7, Hz, 2H), 4.27 (d, J = 6.5 Hz, 2H), 3.51 (dd, J = 14.8, 6.5 Hz, 
2H), 2.78 (d, J = 15.1 Hz, 2H) 
13C NMR (101 MHz, CDCl3) δ ppm 145.4, 140.8, 140.2, 
139.4, 133.0, 128.9, 128.7, 128.2, 128.1, 128.1, 127.8, 125.8, 125.4, 124.9, 123.7, 54.1, 
43.3. 
 
cis: 
1H NMR (400 MHz, CDCl3) δ ppm 7.77-7.66 (m, 4H), 7.38 (d, J = 8.2 Hz, 2H), 7.21-
7.13 (m, 12H), 7.04 (t, J = 7.5 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 6.48 (t, J = 7.6 Hz, 2H), 
4.51 (d, J = 7.1 Hz, 2H), 3.86 (dd, J = 15.6, 7.2 Hz, 2H), 2.97 (d, J = 15.6 Hz, 2H). 
1H 
NMR (500 MHz, CD2Cl2) δ ppm 7.75 (d, J = 8.2 Hz, 2H), 7.71 (d, J = 8.3 Hz, 2H), 7.42 
(d, J = 8.1 Hz, 2H), 7.21-7.12 (m, 10H), 7.04 (t, J = 7.6 Hz, 2H), 6.88 (d, J = 8.0 Hz, 2H), 
6.49 (t, J = 7.7 Hz, 2H), 4.50 (d, J = 7.0 Hz, 2H), 3.88 (dd, J = 15.4, 7.2 Hz, 2H), 2.99 (d, 
J = 15.5 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ ppm 145.6, 143.9, 139.0, 138.1, 132.4, 
129.2, 129.1, 128.4, 127.8, 127.2, 126.6, 126.1, 124.5, 124.4, 123.2, 52.9, 42.4. HRMS: 
calcd. for C38H28: 484.2185, found 484.2164. 
 
 
 
  
(2R*,2'R*)-(P*,P*)-trans-(±)- and (2R*,2'R*)-(P*,P*)-cis-(±)-2,2'-dibenzyl-2,2',3,3'-
tetrahydro-l,l'-bicyclopenta[a]naphthalenylidene  (this structure does not express the 
absolute stereochemistry of the molecule) (6.2): 
Titanium tetrachloride (482 μl, 4.4 mmol) was added dropwise to a suspension of zinc 
powder (571 mg, 8.7 mmol) in 30 ml of dry THF under vigorous stirring at 0ºC. After 
refluxing for 2 h, a solution of ketone 6.9 (595 mg, 2.2 mmol) in dry THF (7 ml) was 
added, and the solution was heated at reflux overnight. The reaction was quenched with 
sat. aq. NH4Cl (5 ml), the volatiles were removed under reduced pressure, and the mixture 
was extracted 4 times with 30 ml of ethyl acetate. The organic layers were collected, dried 
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with MgSO4, filtered, and the solvent was removed under vacuum. Flash column 
chromatography on silica gel using heptane with a 20 to 50% gradient of toluene as eluent 
(Rf = 0.45 in heptane/toluene 80:20 and Rf = 0.75 in heptane/toluene 50:50) gave a mixture 
of cis and trans in a 1:1 isomeric ratio (243 mg, 0.47 mmol, 43%). Separation between cis 
and trans was achieved with flash column chromatography on silica gel with 5% AgNO3
23 
using pentane with a 5 to 80% gradient of toluene as eluent (trans: Rf = 0.36, cis: Rf = 0.22 
in pentane/toluene 80:20; trans: Rf = 0.60, cis: Rf = 0.42 in pentane/toluene 50:50), which 
gave trans 6.2 as pale yellow solid and cis 6.2 as a yellow solid. For both the isomers, 
further purification could be achieved by recrystallizing from chloroform/heptane. 
 
trans: m.p. = 194.4-195.0ºC.
 1H NMR (400 MHz, CDCl3) δ ppm 8.48 (d, J = 8.1 Hz, 2H), 
8.03 (d, J = 8.1 Hz, 2H), 7.86 (d, J = 8.1 Hz, 2H), 7.67 (t, J = 7.2 Hz, 2H), 7.60 (t, J = 7.4 
Hz, 2H), 7.44 (d, J = 8.1 Hz, 2H), 7.24-7.13 (m, 6H), 7.01 (d, J = 7.6 Hz, 4H), 3.63 (d, J = 
13.8 Hz, 2H), 3.34-3.26 (m, 2H), 2.74 (dd, J = 15.1, 5.3 Hz, 2H), 2.57 (dd, J = 13.9, 11.8 
Hz, 2H), 2.48 (d, J = 15.1 Hz, 2H).  
1H NMR (500 MHz, CD2Cl2) δ ppm 8.42 (d, J = 8.5 
Hz, 2H), 8.00 (d, J = 8.7 Hz, 2H), 7.84 (d, J = 8.1 Hz, 2H), 7.64 (t, J = 7.6 Hz, 2H), 7.56 
(t, J = 7.5 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 7.19-7.10 (m, 6H), 6.98-6.96 (m, 4H), 3.6 (d, 
J = 14.05 Hz, 2H), 3.24-3.19 (m, 2H), 2.70 (dd, J = 14.9, 5.7 Hz, 2H), 2.51 (dd, J = 14.2, 
11.5 Hz, 2H), 2.44 (d, J = 15.1 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ ppm 141.6, 140.9, 
140.6, 139.0, 133.1, 130.1, 129.3, 128.8, 128.1, 128.1, 126.5, 125.9, 124.9, 124.1, 50.1, 
37.9, 36.7. HRMS: calcd. for C40H32: 512.25040, found 512.24825. Elem. anal. (%): calcd. 
for C40H32: C, 93.71; H, 6.29; found C, 93.20; H, 6.24.  
 
cis: m.p. = 195.1-195.7ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.73 (d, J = 8.1 Hz, 2H), 
7.67 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 8.1 Hz, 2H), 7.36-7.30 (m, 4H), 7.25-7.22 (m, 2H), 
7.12 (d, J = 6.8 Hz, 4H), 6.99 (t, J = 7.5 Hz, 2H), 6.62 (d, J = 8.4 Hz, 2H), 6.43 (t, J = 7.6 
Hz, 2H), 3.16-3.03 (m, 2H), 2.70 (dd, J = 13.3, 7.8 Hz, 2H), 2.61-2.53 (m, 2H). 
1H NMR 
(500 MHz, CD2Cl2) δ ppm 7.72 (d, J = 8.0 Hz, 2H), 7.66 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 
8.1 Hz, 2H), 7.32-7.28 (m, 4H), 7.24-7.20 (m, 2H), 7.11 (d, J = 6.8 Hz, 4H), 6.97 (t, J = 
7.5 Hz, 2H), 6.63 (d, J = 8.5 Hz, 2H), 6.41 (t, J = 7.7 Hz, 2H), 3.16-3.04 (m, 4H), 2.68 
(dd, J = 13.5, 7.6 Hz, 2H), 2.57 (d, J = 14.9 Hz, 2H), 2.55 (dd, J = 13.3, 7.4 Hz, 2H). 
13C 
NMR (101 MHz, CDCl3) δ ppm 143.9, 141.0, 139.1, 137.3, 132.2, 129.7, 129.5, 128.5, 
128.1, 127.7, 126.3, 126.0, 124.2, 124.1, 123.4, 50.1, 40.8, 38.5.  
 
 
 
  
(2R*,2'R*)-(P*,P*)-trans-(±)- and (2R*,2'R*)-(P*,P*)-cis-(±)-2,2'-di(diphenyl)-
2,2',3,3'-tetrahydro-l,l'-bicyclopenta[a]naphthalenylidene  (this structure does not 
express the absolute stereochemistry of the molecule) (6.3):  
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Titanium tetrachloride (90 μl, 0.82 mmol) was added dropwise to a suspension of zinc 
powder (107 mg, 1.6 mmol) in 5 ml of dry THF under vigorous stirring at 0ºC. After 
refluxing for 2 h, a solution of ketone 6.13 (595 mg, 2.2 mmol) in dry THF (2 ml) was 
added, and the solution was heated at reflux overnight. The reaction was quenched with 
sat. aq. NH4Cl (2 ml), the volatiles were removed under reduced pressure, and the mixture 
was extracted 3 times with 15 ml of ethyl acetate. The organic layers were collected, dried 
with MgSO4, filtered, and the solvent was eliminated under vacuum. Flash column 
chromatography on silica gel using heptane with a 0 to 50% gradient of toluene as eluent 
(Rf = 0.20 in heptane/toluene 80:20) gave a mixture of cis and trans in a 2:5 isomeric ratio 
(total: 31 mg, 0.49 mmol, 24%). A recrystallization of this mixture by slow diffusion of 
pentane into dichloromethane, gave trans 6.3 as a white solid. 
 
trans: m.p. = 208.6-209.3ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.87 (d, J = 8.2 Hz, 2H), 
7.82 (d, J = 8.3 Hz, 2H), 7.77 (d, J = 8.2 Hz, 2H), 7.61-7.55 (m, 4H), 7.48-7.29 (m, 14H), 
7.22 (d, J = 8.3 Hz, 4H), 6.93 (t, J = 7.6 Hz, 2H), 4.35 (d, J = 6.5 Hz, 2H), 3.56 (dd, J = 
15.0, 6.6 Hz, 2H), 2.85 (d, J = 15.0 Hz, 2H). 
1H NMR (500 MHz, CD2Cl2) δ ppm 7.87 (d, 
J = 8.2 Hz, 2H), 7.84 (d, J = 8.3 Hz, 2H), 7.78 (d, J = 8.1 Hz, 2H), 7.6 (d, J = 7.5 Hz, 4H), 
7.48 (d, J = 8.2 Hz, 4H), 7.41 (t, J = 7.7 Hz, 4H), 7.38 (t, J = 7.4 Hz, 2H), 7.34 (d, J = 8.3 
Hz, 2H), 7.30 (t, J = 7.4 Hz, 2H), 7.26 (d, J = 8.2 Hz, 4H), 6.93 (t, J = 7.6 Hz, 2H), 4.35 
(d, J = 6.4 Hz, 2H), 3.57 (dd, J = 15.1, 6.5 Hz, 2H), 2.85 (d, J = 15.0 Hz, 2H). 
13C NMR 
(101 MHz, CDCl3) δ ppm 144.6, 140.9, 140.8, 140.3, 139.4, 138.5, 133.0, 128.9, 128.8, 
128.6, 128.6, 128.2, 127.7, 126.9, 126.8, 126.8, 125.5, 125.0, 123.7, 53.8, 43.3. HRMS: 
calcd. for C50H37: 637.28898, found 637.28009. 
 
cis: 
1H NMR (400 MHz, CDCl3) δ ppm 7.77 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 8.3 Hz, 2H), 
7.54 (d, J = 7.3 Hz, 4H), 7.50-7.28 (m, 16H), 7.08 (t, J = 7.5 Hz, 2H), 6.97-6.92 (m, 2H), 
6.53 (t, J = 7.6 Hz, 2H), 4.63 (d, J = 7.1 Hz, 2H), 3.94 (dd, J = 15.5, 7.2 Hz, 2H), 3.05 (d, 
J = 15.6 Hz, 2H).
1H NMR (500 MHz, CD2Cl2) δ ppm 7.78 (d, J = 8.1 Hz, 2H), 7.73 (d, J 
= 8.2 Hz, 2H), 7.52 (d, J = 7.5 Hz, 4H), 7.47-7.42 (m, 6H), 7.38 (t, J = 7.6 Hz, 4H), 7.30 
(d, J = 8.2 Hz, 4H), 7.06 (t, J = 7.6 Hz, 2H), 6.92 (d, J = 8.5 Hz, 2H), 6.53 (t, J = 7.3 Hz, 
2H), 4.61 (d, J = 6.9 Hz, 2H), 3.94 (dd, J = 15.6, 6.9 Hz, 2H), 3.05 (d, J = 15.5 Hz, 
2H).
13C NMR (101 MHz, CDCl3) δ ppm 144.8, 144.0, 140.9, 139.0, 138.1, 132.4, 129.3, 
129.1, 128.6, 127.9, 127.6, 127.2, 126.9, 126.9, 126.8, 126.6, 124.6, 124.4, 123.2, 52.7, 
42.5. 
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(2R*,2'R*)-(P*,P*)-trans-(±)- and (2R*,2'R*)-(P*,P*)-cis-(±)-2,2'-di(4-arylbenzyl)-
2,2',3,3'-tetrahydro-l,l'-bicyclopenta[a]naphthalenylidene (this structure does not 
express the absolute stereochemistry of the molecule) (6.4): 
Titanium tetrachloride (157 μl, 1.4 mmol) was added dropwise to a suspension of zinc 
powder (186 mg, 2.8 mmol) in 10 ml of dry THF under vigorous stirring at 0ºC. After 
refluxing for 2 h, a solution of ketone 6.18 (248 mg, 0.71 mmol) in dry THF (2 ml) was 
added, and the solution was heated at reflux overnight. The reaction was quenched with 
sat. aq. NH4Cl (5 ml), the volatiles were removed under reduced pressure, and the mixture 
was extracted 4 times with 25 ml of ethyl acetate. The organic layers were collected, dried 
with MgSO4, filtered, and the solvent was eliminated under vacuum. Flash column 
chromatography on silica gel using heptane with a 10 to 75% gradient of toluene as eluent 
(Rf = 0.46 in heptane/toluene 80:20 and Rf = 0.62 in heptane/toluene 50:50) gave a mixture 
of cis and trans in a 2:3 isomeric ratio (140 mg, 0.21 mmol, 59%). Separation of the trans 
could be achieved via additional flash column chromatography on silica gel with 10% 
AgNO3
23 using heptane with a 20 to 100% gradient of toluene as eluent (trans: Rf = 0.42, 
cis: Rf = 0.22 in pentane/toluene 50:50), which gave fractions containing the trans only, 
and fractions still containing a mixture of cis and trans. Further purification for trans 6.4 
was achieved by recrystallizing from toluene/heptane. 
 
trans: 
1H NMR (400 MHz, CDCl3) δ ppm 8.49 (d, J = 8.0 Hz, 2H), 8.03 (d, J = 8.2 Hz, 
2H), 7.87 (d, J = 8.1 Hz, 2H), 7.69 (t, J = 7.2 Hz, 2H), 7.63-7.52 (m, 6H), 7.49-7.30 (m, 
12H), 7.06 (d, J = 7.9 Hz, 4H), 3.64 (d, J = 14.7 Hz, 2H), 3.37-3.29 (m, 2H), 2.77 (dd, J = 
15.1, 5.3 Hz, 2H), 2.62 (dd, J = 13.9, 11.7 Hz, 2H), 2.52 (d, J = 15.1 Hz, 2H).
1H NMR 
(500 MHz, CD2Cl2) δ ppm 8.46 (d, J = 8.9 Hz, 2H), 8.02 (d, J = 7.9 Hz, 2H), 7.9 (d, J = 
8.1 Hz, 2H), 7.68 (t, J = 7.1 Hz, 2H), 7.58 (t, J = 7.5 Hz, 2H), 7.54 (d, J = 7.1 Hz, 4H), 
7.48-7.36 (m, 10H), 7.30 (t, J = 7.0 Hz, 2H), 7.06 (d, J = 7.9 Hz, 4H), 3.61 (d, J = 14.3 
Hz, 2H), 3.30-3.24 (m, 2H), 2.76 (dd, J = 14.7, 5.6 Hz, 2H), 2.59 (dd, J = 13.6, 11.7 Hz, 
2H), 2.51 (d, J = 15.1 Hz, 2H).
13C NMR (101 MHz, CDCl3) δ ppm 141.6, 140.9, 139.7, 
139.0, 138.8, 133.1, 130.1, 129.7, 128.8, 128.6, 128.2, 126.9, 126.8, 126.5, 125.9, 124.9, 
124.2, 124.1, 50.1, 37.6, 36.8, 29.7. HRMS: calcd. for C52H41: 665.32028, found 
665.31974. 
 
cis: 
1H NMR (500 MHz, CD2Cl2) δ ppm 7.73 (d, J = 8.1 Hz, 2H), 7.66 (d, J = 7.4 Hz, 2H), 
7.61 (d, J = 8.0 Hz, 4H), 7.56 (d, J = 8.1 Hz, 4H), 7.48 (d, J = 8.4 Hz, 2H), 7.45 (t, J = 7.4 
Hz, 4H), 7.35 (t, J = 7.3 Hz, 2H), 7.19 (d, J = 8.1 Hz, 4H), 6.98 (t, J = 6.5 Hz, 2H), 6.66 
(d, J = 8.2 Hz, 2H), 6.42 (t, J = 7.1 Hz, 2H), 3.19-3.08 (m, 4H), 2.73-2.65 (m, 2H), 2.64-
2.56 (m, 4H). 
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2-Phenyl-2,3-dihydro-cyclopenta[a]naphthalen-1-one (6.5): a solution of 3-naphthalen-
2-yl-2-phenyl-propionic acid 6.6 (8.28 g, 30 mmol), SOCl2 (20 ml) and DMF (2 drops) in 
CH2Cl2 (90 ml) was heated at reflux for 1 h. All volatiles were removed under reduced 
pressure, giving the crude acid chloride, which was dissolved in ClCH2CH2Cl and cooled 
to 0ºC. To the solution AlCl3 (7.98 g, 60 mmol) was added quickly and the reaction 
mixture was stirred at 0ºC for 30 min. The reaction was quenched with a saturated aqueous 
solution of NaHCO3 (300 ml) and extracted with CH2Cl2. After drying of the organic 
solvent over MgSO4 the solvent was removed under low pressure. The crude residue was 
purified by column chromatography (SiO2, pentane:ether = 5:1), affording 5.65 g (73 %) of 
the ketone 6.5 as a white solid. 
1H NMR (400 MHz, CDCl3) δ ppm 3.37 (dd, J = 3.3 Hz, J 
= 18.0 Hz, 1H), 3.78 (dd, J = 7.7 Hz, J = 18.0 Hz, 1H), 4.01 (dd, J = 7.7 Hz, J = 3.3 Hz, 1 
H), 7.24-7.30 (m, 3H), 7.34-7.37 (m, 2H), 77.58-7.61 (m, 2H), 7.69 (m, 1H), 7.94 (d, J = 
8.1 Hz, 1H), 8.12 (d, J = 7.3 Hz, 1H), 9.17 (d, J = 7.3 Hz, 1H). 
13C NMR (75 MHz, CDCl3) 
δ ppm 35.7, 53.5, 123.5, 123.7, 126.4, 126.6, 127.6, 127.9, 128.5, 128.7, 129.3, 129.7, 
132.5, 135.8, 139.7, 156.8, 206.0. HRMS: calcd. for C19H14O: 258.105, found 258.104. 
 
 
 
  
3-Naphthalen-2-yl-2-phenyl-propionic acid (6.6): a solution of methyl 3-naphthalen-2-
yl-2- phenyl-propionate (6.8) (9.66 g, 35 mmol) and KOH (4.49 g, 80 mmol) in H2O 
/EtOH 1:1 (100 ml) was stirred overnight under reflux. The reaction mixture was then 
acidified with HCl to pH = 1 and EtOH was removed under vacuum. The resulting aqueous 
mixture was extracted with CH2Cl2 (2 × 200 ml) and the combined organic layers were 
dried over MgSO4 and concentrated under vacuum. The resulting solid was crystallized 
from Et2O, affording 8.59 g (89%) of the acid 6.6 as a white solid. 
1H NMR (400 MHz, CDCl3) δ ppm 3.12 (dd, J = 7.3, 13.6 Hz, 1H), 3.50 (dd, J = 8.1, 13.6 
Hz, 1H), 3.90 (dd, J = 8.1, 7.3 Hz, 1H), 7.15-7.31 (m, 6H), 7.34-7.38 (m, 2H), 7.49 (s, 1H), 
7.62-7.66 (m, 2H), 7.70 (m, 1H). 
13C NMR (75 MHz, CDCl3) δ ppm 38.9, 53.6, 125.1, 
125.6, 127.0, 127.1, 127.2, 127.3, 127.6, 127.8, 128.4, 131.8, 133.1, 135.8, 137.5, 179.1. 
HRMS: calcd. for C19H16O2: 276.115, found 276.116. Elem. anal. (%): calcd. for 
C19H16O2: C, 82.58; H, 5.84; O, 11.58; found C, 82.63; H, 5.81; O, 11.61. 
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Methyl 3-naphthalen-2-yl-2-phenyl-acrylate (6.7): sodium hydroxyde was added in 
portions to a solution (diethoxyphosphoryl)- phenyl-acetic acid methyl ester (15.73 g, 55 
mmol) in DME (150 ml) at 0ºC. When the evolution of H2 ceased, the reaction mixture was 
stirred at room temperature for 30 min and neat 2-naphthaldehyde (7.80 g, 50 mmol) was 
added. The solution was stirred at room temperature for 3 h and a saturated aq. solution of 
NH4Cl was then added. The resulting mixture was extracted with CH2Cl2 (2 × 200 ml), the 
organics dried over MgSO4 and concentrated under vacuum. The crude residue was 
purified by column chromatography (SiO2, pentane:ether = 5:1), affording 11.10 g (77 %) 
of a mixture of alkenes Z/E (25:75) as a white solid. 
1H NMR (400 MHz, CDCl3) δ 3.75 (s, 3H, CH3 Z), 3.77 (s, 3H, CH3 E), 6.93 (dd, J = 6.9, 
1.6 Hz 1H, E), 7.16 (s, 1H, Z), 7.21-7.24 (m, 1H E and 1H Z), 7.33-7.50 (m, 3H E and 3H 
Z), 7.59-7.62 (m, 2H Z), 7.66 (d, J = 6.9 Hz, 1H, Z), 7.76-7.81 (m, 2H E), 7.98 (s, 1H, E). 
13C NMR (75 MHz, CDCl3) δ 52.1, (CH3, Z,) 52.3 (CH3, E), 125.3 (CH Z), 126.2 (CH E), 
126.3 (CH, E), 126.4 (CH Z), 126.7 (CH Z), 126.9 (CH E), 127.3 (CH E), 127.4 (CH Z), 
127.5 (CH, Z), 127.8 (CH, E), 127.9 (CH E), 128.0 (CH Z), 128.1 (CH Z), 128.3 (CH Z), 
128.4 (CH E), 128.5 2CH E),128.6 (2CH Z), 129.8 (2CH E and 2CH Z), 131.4 (C E), 
131.5 (C Z), 132.1 (C E), 132.4 (C Z), 132.8 (C Z), 132.9 (C E), 133.0 (C Z), 133.1 (C E), 
134.9 (C E), 135.8 (C Z), 140.5 (CH E), 168.2 (C=O, E), 170.1 (C=O, Z). HRMS: calcd. 
for C20H16O2: 288.116, found 288.115. Elem. anal. (%): calcd. for C20H16O2: C, 83.31; H, 
5.59; O, 11.10, found C, 83.37; H, 5.62; O, 11.08. 
 
 
 
  
Methyl 3-naphthalen-2-yl-2-phenyl-propionate (6.8): a solution of methyl 3-naphthalen-
2-yl-2-phenylacrylate (6.7) (10.94 g, 38 mmol) in MeOH (120 ml) was stirred overnight δ 
10 % Pd on carbon (0.200 g) under a H2 atmosphere. The reaction mixture was then 
filtered through celite and the solution was concentrated under vacuum. The crude residue 
was purified by crystallization from EtOH, affording 10.01 g (91 %) of the hydrogenated 
compound as a white solid. 
1H NMR (400 MHz, CDCl3) δ 3.14 (dd, J = 6.6 Hz, J = 13.6 Hz, 1H), 3.54 (dd, J = 8.8, 
13.6 Hz, 1H), 3.55 (s, 3H), 3.92 (dd, J = 6.6, 8.8 Hz, 1H), 7.20-7.31 (m, 6H), 7.35-7.42 (m, 
2H), 7.53 (s, 1H), 7.67-7.75 (m, 3H). 
13C NMR (75 MHz, CDCl3) δ 39.9, 52.0, 53.5, 125.3, 
125.8, 127.3, 127.4, 127.5, 127.6, 127.8, 127.9, 128.6, 132.1, 133.4, 136.5, 138.5, 173.7. 
HRMS: calcd. for C20H18O2: 290.131, found 290.131. Elem. anal. (%): calcd. for 
C20H18O2: C, 82.73; H, 6.25; O, 11.02; found C, 82.67; H, 6.22; O, 10.98. 
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2-(Bromomethyl)naphthalene:
34 a solution of 2-methylnaphthalene (25 g, 176 mmol), 
NBS (31.3 g, 176 mmol) and dibenzoylperoxide (0.2 g, 0.8 mmol) in CCl4 (200 ml) was 
heated at reflux for 18 h. The cooled solution was filtered and the solvent removed under 
reduced pressure. The brown solid was absorbed on silica and eluted with pentane (Rf = 
0.4), to give the title compound as a white solid (26.3 g, 119 mmol, 68%). Alternatively, a 
recrystallization from pentane can also be performed, even if traces of succinimide were 
found to be more difficult to remove with this method. 
1H NMR (300 MHz, CDCl3) δ 4.68 (s, 2H), 7.48-7.53 (m, 3H), 7.81-7.86 (m, 4H). 
13C 
NMR (101 MHz, CDCl3) δ ppm 135.0, 133.1, 133.0, 128.7, 127.9, 127.8, 127.7, 126.7, 
126.5, 126.4, 34.0. 
 
 
 
  
2-Benzyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (6.9): ketone 6.10 (2 g, 11.0 
mmol) was dissolved in a 2:1 mixture of THF/DMPU.
22 Next, NaH (0.53 g of a 50% oil 
mixture, 11.0 mmol) was added portionwise at 0ºC while stirring. The temperature was 
allowed to raise to 20ºC over night, while the solution kept under a nitrogen atmosphere. 
The obtained brown solution was added dropwise via cannula onto freshly distilled 
benzylbromide (4 ml, 33 mmol) to which NaI (5 mol%) was previously added. The 
mixture was stirred 1 d at room temperature. Subsequently, the reaction mixture was 
quenched with 4 ml of methanol. The volatiles were eliminated under reduced pressure, 
water (30 ml) was added, and the mixture was extracted three times with Et2O (30 ml). The 
combined organic layers were dried over MgSO4 and concentrated under vacuum. 
Purification was achieved by flash column chromatography on silica gel using heptane 
with a 20-30% gradient of toluene as eluent (Rf = 0.25 in toluene/heptane 1:1). Starting 
material (ketone 6.10) was recovered in an amount of 42%. Product 6.9 was isolated as a 
very viscous yellow oil (599 mg, 2.2 mmol, 20%). 
m.p. = 74.5-75.2ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 9.22 (d, J = 8.3 Hz, 1H), 8.02 (d, J 
= 8.4 Hz, 1H), 7.89 (d, J = 8.1 Hz, 1H), 7.70 (t, J = 7.6 Hz, 1H), 7.57 (t, J = 7.5 Hz, 1H), 
7.44 (d, J = 8.4 Hz, 1H), 7.38-7.27 (m, 5H), 3.50 (dd, J = 14.0, 4.2 Hz, 1H), 3.24 (dd, J = 
17.5, 7.3 Hz, 1H), 3.15-3.07 (m, 1H), 2.95 (dd, J = 17.5, 3.3 Hz, 1H), 2.74 (dd, J = 13.9, 
10.5 Hz, 1H).
 13C NMR (101 MHz, CDCl3) δ ppm 208.2, 156.8, 139.7, 135.8, 132.6, 130.4, 
129.4, 128.9, 128.9, 128.5, 128.1, 126.5, 126.5, 124.0, 123.9, 49.3, 37.2, 32.6. Elem. anal. 
(%): calcd. for C20H16O: C, 88.20; H, 5.92; found C, 88.08; H, 5.93.  
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2,3-Dihydro-1H-cyclopenta[a]naphthalen-1-one (6.10):
21  compound  3.27 (32 g, 147 
mmol) was poured onto stirring concentrated sulfuric acid (150 ml) over a period of 30 
min. The mixture was warmed to 90ºC for 2 h. Subsequently, the reaction mixture was 
poured onto ice, and extracted 4 times with 80 ml of DCM. After removal of the volatiles 
under vacuum, the residual brown oil was purified by flash column chromatography on 
silica gel, using toluene as eluent (Rf = 0.21). The product was isolated as a yellow solid 
(16.1 g, 88 mmol, 60%). Further purification can be achieved by recrystallization from 
ethyl acetate/heptane. The pure compound precipitates as yellow needles.  
The spectroscopic data were in agreement with the data reported in literature.
35 
m.p. = 105.0-105.2ºC. 
lH NMR (400 MHz, CDCl3) δ ppm 2.80 (m, 2H), 3.21 (m, 2H), 7.51 
(d, J = 8.5 Hz, 1H), 7.54 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H), 7.65 (ddd, J = 8.3, 6.9, 1.3 Hz, 
1H), 7.88 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 8.4 Hz, 1H), 9.16 (d, J = 8.5 Hz, 1H); 
13C NMR 
(101 MHz, CDCl3) δ ppm 207.6, 158.5, 135.7, 132.5, 131.0, 129.4, 128.9, 128.1, 126.6, 
124.1, 124.0, 36.9, 26.2; IR (neat) v 3055, 3030, 2924, 2861, 1692 cm
-l; HRMS: calcd. for 
C13H10O (M
+) 182.0732 , found 182.0739.  
 
 
 
 
3-Chloro-1-(naphthalen-1-yl)propan-1-one (6.11):
20 a stirred slurry of AlCl3 (70 g, 0.52 
mol) in freshly distilled DCM (600 ml) was cooled to 0ºC with an ice bath. 3-Chloro 
propionyl chloride (40 ml, 0.42 mol)) was added, where up the AlCl3 dissolved completely. 
Subsequently, naphthalene (51.5 g, 0.40 mol) was added portionwise over a period of half 
an hour. When the addition was completed, the ice bath was removed, and the solution was 
allowed to stir overnight. The solvent was removed by rotary evaporation, and the residual 
brown oil was purified by flash column chromatography on silica gel using as eluent a 
mixture of heptane and 5% of ethyl acetate (Rf = 0.30). The product was obtained as a 
yellow oil, and used for the next reaction without further purification (72 g, 0.329 mol, 
82%). 
1H NMR (500 MHz, CDCl3): δ ppm 3.51 (t, J = 6.6 Hz, 2H), 3.97 (t, J = 6.6 Hz, 2H), 7.49 
(dd, J = 7.3, 8.2 Hz, 1H), 7.53 (ddd, J = 1.2, 6.9, 8.1 Hz, 1H), 7.59 (ddd, J = 1.4, 6.7, 8.7 
Hz, 1H), 7.86 (d, J = 7.6 Hz, 2H), 7.99 (d, J = 8.2 Hz, 1H), 8.66 (d, J = 8.2 Hz, 1H). 
13C 
NMR (126 MHz, CDCl3): δ ppm 39.3, 44.4, 124.5, 125.9, 126.8, 128.2, 128.4, 128.6, 
130.2, 133.5, 134.1, 135.1, 200.6. IR (neat): 3050 (w), 2968 (w), 1682 (s), 1593 (m), 1573 
(m), 1508 (s), 1337 (s), 1236 (s), 1099 (s), 944 (m), 801 (s), 776 (s) cm
-1. HRMS: calcd. for 
C13H11ClO: 218.0498, found 218.0495. 
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2,2-Dibenzyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (6.12): this product was 
obtained as sideproduct from the reaction to provide ketone 6.9 (Rf = 0.28 in 
toluene/heptane 1:1). It was isolated as pale yellow solid (794mg, 2.2 mmol, 20%). It was 
recrystallized from DCM, giving colorless prismatic crystals. 
m.p. = 109.8-110.5ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 9.26 (d, J = 8.4 Hz, 1H), 7.81 
(d, J = 8.4 Hz, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.70 (t, J = 7.1 Hz, 1H), 7.52 (t, J = 7.0 Hz, 
1H), 7.23-7.04 (m, 11H), 3.35 (d, J = 13.3 Hz, 2H), 3.17 (s, 2H), 2.95 (d, J = 13.3 Hz, 
2H). 
13C NMR (101 MHz, CDCl3): δ ppm 210.6, 156.3, 137.2, 135.5, 132.3, 130.8, 130.1, 
129.1, 128.7, 127.9, 127.9, 126.3, 126.2, 123.8, 123.4, 55.2, 43.6, 34.8. HRMS: calcd. for 
C27H22O: 362.16706, found 362.16596. Elem. anal. (%): calcd. for C27H22O: C, 89.47; H, 
6.12; found C, 89.80; H, 6.14.  
 
 
 
  
2-(Biphenyl-4-yl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (6.13): acid  6.16 
(630 mg, 1.8 mmol) was dissolved in dry DCM (20 ml) and the solution was cooled with 
an ice bath. Oxalylchloride (230 μl, 2.7 mmol) was slowly added while stirring, followed 
by 4 droplets of DMF. The ice bath was removed, and the mixture was stirred 2 h at room 
temperature. Subsequently, the volatiles were removed by rotary evaporation, and 30 ml of 
dry DCM were added to the oily residue of the acyl chloride 6.17. Next, AlCl3 (477 mg, 
3.58 mmol) was added portionwise at 0ºC while vigorously stirring. After 5 min at 0ºC, the 
temperature was allowed to raise to room temperature, and stirring was continued for 6 h. 
Next, the rection was quenched by adding 15 ml of water, and the product was extracted 
with ethylacetate (3 × 40 ml). The combined organic layers were dried over MgSO4 and 
concentrated under vacuum. The product was purified with flash column chromatography 
on silica gel using heptane with a 0-80% gradient of toluene (Rf = 0.23 in heptane/toluene 
1:1), after which it was recovered as a pale yellow solid (370 mg, 1.1 mmol, 62%). Further 
purification could be achieved with recrystallization from toluene/heptane, which gave 
product 6.13 as white needles. 
m.p. = > 167ºC (dec). 
1H NMR (400 MHz, CDCl3) δ ppm 9.18 (d, J = 8.3 Hz, 1H), 8.13 
(d, J = 8.4 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.70 (t, J = 7.8 Hz, 1H), 7.63-7.55 (m, 6H), 
7.47-7.41 (m, 2H), 7.37-7.30 (m, 3H), 4.05 (dd, J = 7.9, 3.5 Hz, 1H), 3.81 (dd, J = 17.9, 
7.9 Hz, 1H), 3.42 (dd, J = 17.9, 7.9 Hz, 1H). 
13C NMR (101 MHz, CDCl3): δ ppm 206.3, 
157.0, 140.8, 139.9, 138.9, 136.2, 132.9, 130.1, 129.7, 129.1, 128.7, 128.2, 128.1, 127.6, 
127.1, 127.0, 126.7, 124.1, 123.7, 53.5, 36.1. HRMS: calcd. for C25H19O: 335.1430 (MH
+), 
found 335.1430. Elem. anal. (%): calcd. for C25H18O: C, 89.79; H, 5.43; found C, 89.81; H, 
5.43.  
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Ethyl 2-(biphenyl-4-yl)-3-(naphthalen-2-yl)propanoate (6.14):
27  ester  6.15 (1 g, 2.6 
mmol), phenylboronic acid (349 mg, 2.86 mmol) and potassium fluoride (697 mg, 5.72 
mmol) were dissolved in 10 ml of a water/toluene mixture 1:1. Subsequently, 
tetrakis(triphenylphosphine)palladium (99.4 mg, 0.086 mmol, 3 mol%) was added while 
stirring. The mixture was heated at reflux for 7 h. Further 5 ml of water were added, and 
the product was extracted with ethylacetate (3 × 15 ml). The combined organic  layers 
were dried over anhydrous Na2SO4, filtered and concentrated under vacuum. Flash column 
chromatography on silica gel using as eluent a gradient from 100-0% to 0-100% 
heptane/toluene (Rf = 0.23 in heptane/toluene, and 0.54 in neat toluene) gave product 6.14 
as a white solid (0,809 g, 2.1 mmol, 81%). Further purification could be achieved by 
recrystallization from heptane. 
m.p. = 116.2-117.0ºC.
 1H NMR (400 MHz, CDCl3) δ ppm 7.87-7.77 (m, 3H), 7.70-7.58 
(m, 5H), 7.53-7.44 (m, 6H), 7.42-7.34 (m, 2H), 4.21-4.02 (m, 3H), 3.68 (dd, J = 13.8, 9.1 
Hz, 1H), 3.29 (dd, J = 13.7, 6.5 Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H).
 13C NMR (101 MHz, 
CDCl3): δ ppm 173.2, 140.6, 140.2, 137.7, 136.5, 133.4, 132.1, 128.7, 128.3, 127.9, 127.5, 
127.4, 127.3, 127.2, 126.9, 125.8, 125.3, 60.8, 53.2, 39.9, 14.0. HRMS: calcd. for 
C27H25O2 (MH
+): 381.18491, found 381.18488. Elem. anal. (%): calcd. for C27H24O2: C, 
85.23; H, 6.36; found C, 85.05; H, 6.35.  
 
 
 
O
O
Br   
Ethyl 2-(4-bromophenyl)-3-(naphthalen-2-yl)propanoate (6.15):
26  ethyl 2-(4-
bromophenyl)acetate (1 g, 4.1 mmol) were dissolved in 10 ml of dry DMF. Potassium 
hexamethyldisilazane (KHMDS) (9 ml of a 0.5 M solution, 4.5 mmol) was added slowly 
with stirring at room temperature, and the color of the solution changes from yellow to 
orange. After 20 min, 2-(bromomethyl)naphthalene (906.5 mg, 4.5 mmol) was added in 
one portion, and the color changed again to dark brown. Stirring was continued for 3 h. 
Subsequently, the reaction was quenched with sat. aq. NH4Cl (4 ml), which was followed 
by a color change to light yellow. The product was extracted with ethylacetate (4 × 30 ml). 
The combined organic layers were dried over MgSO4 and concentrated under vacuum. The 
volatiles were evaporated under reduced pressure. The residue was purified with flash 
column chromatography on silica gel using as eluent heptane with a 10-100% gradient of 
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toluene (Rf = 0.60 in heptane/toluene 80:20), which gave product 6.15 as a white solid 
(1.19 g, 3.1 mmol, 75%). Further purification could be achieved by recrystallization from 
ethylacetate/heptane at -12ºC. 
m.p. = 89.9-90.4ºC.
 1H NMR (400 MHz, CDCl3) δ ppm 7.84-7.73 (m, 3H), 7.61 (s, 1H), 
7.50-7.42 (m, 4H), 7.30-7.22 (m, 3H), 4.17-4.02 (m, 2H), 3.96 (dd, J = 8.5, 7.0 Hz, 1H), 
3.59 (dd, J = 13.7, 8.6 Hz, 1H), 3.19 (dd, J = 13.7, 6.9 Hz, 1H), 1.13 (t, J = 7.1 Hz, 3H).
 
13C NMR (101 MHz, CDCl3):  δ ppm 172.8, 137.5, 136.0, 133.3, 132.1, 131.6, 129.6, 
127.9, 127.5, 127.4, 127.3, 127.2, 125.9, 125.4, 121.2, 60.9, 52.9, 39.7, 13.9. HRMS: 
calcd. for C21H19BrO2Na: 405.0461 (MNa
+), found 405.0467. Elem. anal. (%): calcd. for 
C21H19BrO2: C, 65.81; H, 5.00; found C, 65.70; H, 4.96.  
 
 
 
OH
O
  
2-(Biphenyl-4-yl)-3-(naphthalen-2-yl)propanoic acid (6.16): ester 6.14 (800 mg, 2.1 
mmol) was dissolved in a mixture of THF/MeOH 1:1 (16 ml) and under stirring, 3.5 ml of 
a 3 M NaOH aq. solution (10.5 mmol) was added. The mixture was stirred at room 
temperature over night. The organic solvents were removed by rotary evaporation, and aq. 
HCl 10% was added till pH 1. The mixture was extracted with ethylacetate (3 × 12 ml); the 
organic layers were collected, dried with MgSO4 and filtered. A quick filtration over silica 
gel with toluene/ethylacetate 1:1 as eluent (Rf = 0.55 in this solvent) and rotary evaporation 
of the solvents gave a white solid, which was then recrystallised from chloroform/heptane 
to give acid 6.16 as a white solid. 
m.p. = 201.9-202.2ºC.
 1H NMR (400 MHz, CDCl3) δ ppm 7.79-7.74 (m, 1H), 7.73-7.67 
(m, 2H), 7.58-7.50 (m, 5H), 7.45-7.31 (m, 7H), 7.28-7.23 (m, 1H), 4.02 (t, J = 7.66 Hz, 
1H), 3.60 (dd, J = 13.9, 8.3 Hz, 1H), 3.23 (dd, J = 13.9, 7.0 Hz, 1H). 
13C NMR (101 MHz, 
CDCl3): δ ppm 178.8, 140.5, 140.5, 136.9, 136.1, 133.4, 132.2, 128.7, 128.6, 128.5, 128.0, 
127.6, 127.6, 127.5, 127.4, 127.3, 127.0, 125.9, 125.4, 52.9, 39.3. HRMS: calcd. for 
C25H20O2Na: 375.13555 (MNa
+), found 375.13510.  
 
 
 
  
2-(Biphenyl-4-ylmethyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (6.18):
36 
ketone 6.19 (124 mg, 0.31 mmol), phenylboronic acid (57 mg, 0.47 mmol) and potassium 
carbonate (0.78 ml of a 1 M aq. solution) were added to 1.5 ml of acetone. Palladium 
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acetate (catalytic amount) was added, and the mixture was degassed three times by freeze-
pump-thaw technique. Next, the mixture was heated to reflux with stirring under a nitrogen 
atmosphere for 5 h. Subsequently, the volatiles were removed under reduced pressure, and 
the product was extracted with diethylether (3 × 10 ml). The combined organic  layers 
were dried over anhydrous Na2SO4, filtered and concentrated under vacuum. A filtration 
over silica gel using heptane/toluene 1:1 as eluent (Rf = 0.30 in this solvent mixture) gave 
product 6.18 as a white solid (99 mg, 0.28 mmol, 90%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.23 (d, J = 8.3 Hz, 1H), 8.03 (d, J = 8.3 Hz, 1H), 7.90 
(d, J = 8.1 Hz, 1H), 7.71 (t, J = 7.7 Hz, 1H), 7.63-7.54 (m, 6H), 7.49-7.42 (m, 3H), 7.39-
7.34 (m, 2H), 3.53 (dd, J = 14.0, 4.2 Hz, 1H), 3.29 (dd, J = 17.5, 7.4 Hz, 1H), 3.19-3.10 
(m, 1H), 2.99 (dd, J = 17.5, 3.4 Hz, 1H), 2.78 (dd, J = 14.0, 10.4 Hz, 1H). 
13C NMR (101 
MHz, CDCl3): δ ppm 208.2, 156.9, 140.8, 139.1, 138.8, 135.8, 132.6, 130.4, 129.4, 129.3, 
128.9, 128.7, 128.1, 127.1, 127.1, 126.9, 126.6, 123.9, 123.9, 49.2, 36.3, 32.6. 
HRMS: calcd. for C26H20O: 348.15141, found 348.14978. 
 
 
 
  
2-(4-Iodobenzyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (6.19): to a solution 
of acid 6.20 (7.63 g, 18.33 mmol) in 200 ml of dry DCM, SOCl2 (10.5 ml, 140 mmol) was 
added while stirring, followed by DMF (6 drops), and the mixture was heated to reflux for 
1 h. After evaporation of the volatiles by reduced pressure, the obtained acyl chloride 
(6.24) was dissolved in 200 ml of dry toluene. The solution was cooled at 0ºC and AlCl3 
(4.93 g, 2 eq) was added rapidly with stirring, and the reaction mixture was kept at 0ºC for 
1 h. The reaction was quenched with a sat. aq. sol. of NaHCO3 (100 ml), and the product 
extraction with ethylacetate (3 × 120 ml). The combined organic layers were dried over 
anhydrous MgSO4, filtered and concentrated under vacuum. The product was purified by 
recrystallisation from ethylacetate/heptane, giving a white powder (5.01 g,  12.6 mmol, 
69%). 
m.p. = 117.8-118.1ºC. 
1H NMR (400 MHz, CDCl3) δ 2.67-2.73 (m, 1H), 2.86-2.91 (m, 
1H), 3.01-3.09 (m, 1H), 3.21-3.27 (m, 1H), 3.35-3.40 (m, 1H), 7.02-7.04 (d, J = 8.1 Hz, 
2H), 7.43-7.45 (d, J = 8.4 Hz, 1H), 7.55-7.58 (t, J = 7.7 Hz, 1H), 7.60-7.62 (d, J = 8.1 Hz, 
2H), 7.67-7.71 (t, J = 7.3 Hz, 1H), 7.88-7.90 (d, J = 8.1 Hz, 1H), 8.01-8.04 (d, J = 8.4 Hz, 
1H), 9.15-9.17 (d, J = 8.4 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 32.4, 36.6, 48.9, 91.5, 
123.8, 123.9, 126.6, 128.1, 128.9, 129.4, 130.3, 130.9, 132.7, 135.9, 137.5, 139.3, 156.7, 
207.8. HRMS: calcd. for C20H15OI 398.0168, found 398.0148.  
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2-(4-Iodobenzyl)-3-(naphthalen-2-yl)propanoic acid (6.20): a mixture of ester 6.23 (10 
g, 23.25 mmol), KOH (22 g, 392 mmol), ethanol (120 ml) and water (120 ml) was heated 
at reflux overnight with stirring. Subsequently, the mixture was acidified with aq. HCl (30 
%) until pH = 3, and the product was extracted with ethylacetate (3 × 100 ml). The 
combined organic layers were washed with water, dried over anhydrous MgSO4, filtered 
and concentrated under vacuum, to give product 6.20 as a white solid (8.13 g, 19.5 mmol, 
84%). 
1H NMR (400 MHz, CDCl3) δ 2.74-2.79 (m, 1H), 2.90-2.96 (m, 2H), 3.01-3.09 (m, 1H), 
3.13-3.18 (m, 1H), 6.89-6.91 (d, J = 8.1 Hz, 2H), 7.27-7.29 (d, J = 8.4 Hz, 1H), 7.43-7.45 
(m, 2H), 7.56-7.61 (m, 3H), 7.76-7.82 (m, 3H). 
13C NMR (101 MHz, CDCl3) δ 37.0, 37.9, 
48.8, 91.9, 125.6, 126.1, 127.0, 127.5, 127.5, 127.6, 128.2, 130.9, 132.2, 133.4, 135.8, 
137.5, 138.3, 180.2. HRMS: calcd. for C20H17IO2 416.0273, found 416.0275. 
 
 
 
  
3-(4-Iodophenyl)propanoic acid (6.21): a solution composed of HNO3 (1.8 ml), acetic 
acid (60 ml) and H2O (12 ml) was added to a mixture of 3-phenylpropionic acid (9 g, 60 
mmol), periodic acid (3 g, 12.9 mmol), and iodine (6 g, 24 mmol) with stirring. The 
resulting purple solution was heated at 65-70ºC with stirring overnight. The reaction 
mixture was then diluted with water, the resulting precipitate was filtered and recrystallised 
in heptane to give product 6.21 as a white powder (9.60 g, 34.8 mmol, 58%). 
 
1H NMR (400 MHz, CDCl3) δ 2.63-2.67 (t, J = 8 Hz, 2H), 2.87-2.91 (t, J = 8 Hz, 2H), 4.77 
(br. s, 1H), 6.95-6.97 (d, J = 8 Hz, 2H), 7.60-7.62 (d, J = 8 Hz, 2H). 
 
 
 
  
Methyl 3-(4-iodophenyl)propanoate (6.22): a solution of 34 g (123.16 mmol) of 3-(4-
iodophenyl)propanoic acid (6.21) and 20 ml of conc. H2SO4 in 350 ml of MeOH was 
heated at reflux overnight with stirring. After cooling, the MeOH was partially evaporated 
under reduced pressure. The residue was dissolved in 200 ml of diethylether, washed with 
water till pH = 7, dried over MgSO4, filtered, and the solvent removed under reduced 
pressure, to give the title ester as a white solid (30 g, 103 mmol, 84%). 
 
1H NMR (400 MHz, CDCl3) δ 2.58-2.62 (t, J = 8 Hz, 2H), 2.87-2.91 (t, J = 8 Hz, 2H), 3.66 
(s, 3H), 6.94-6.96 (d, J = 8 Hz, 2H), 7.59-7.61 (d, J = 8 Hz, 2H). 
13C NMR (101 MHz, 
CDCl3) δ 30.2, 35.1, 51.6, 91.3, 130.2, 137.3, 139.9, 172.8. HRMS: calcd. for C10H11O2I: 
289.9804, found 289.9792. 
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O
O
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Methyl 2-(4-iodobenzyl)-3-(naphthalen-2-yl)propanoate (6.23): an LDA solution in dry 
THF (150 ml) was prepared at –50ºC by adding n-BuLi (19 ml of a 1.6 M solution, 30.45 
mmol) to diisopropylamine (4.28 ml, 30.45 mmol) with stirring. After 15 min at –50ºC, 
methyl 3-(4-iodophenyl)propanoate (6.22) (5 g, 16.4 mmol) was added dropwise at -60ºC 
and the resulting mixture was stirred for 1 h at approximately –60ºC. Subsequently, 2-
(bromomethyl)naphthalene (6.73 g, 30.45 mmol) dissolved in THF (40 ml) was added 
slowly and the reaction mixture was allowed to warm to room temperature overnight with 
stirring. The reaction was quenched with sat. aq. NH4Cl (200 ml) and the product was 
extracted with diethylether (3 × 100 ml). The organic layers were combined, dried over 
anhydrous MgSO4, filtered and concentrated under vacuum. Further purification with flash 
column chromatography (SiO2, heptane/AcOEt 9:1) gave product 6.23 as a colorless oil 
(4.94 g, 11.5 mmol, 70%). 
 
The compound was used directly for the next reaction. 
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CHAPTER 7 
 
 
INTRAMOLECULAR ROTAXANE 
FORMATION USING A ROTARY 
MOLECULAR MOTOR:  
A MOLECULAR REEL
* 
 
 
 
 
 
 
 
 
Dreaming of future applications of the artificial molecular motors developed in our 
group, an attempt of using their rotary function to make a macroscopic reel and wind a 
thread is reported in this chapter. It consists of a rotary molecular motor functionalized 
with a loop and two threads. When the rotation of the motor unit is activated, this 
molecule is expected to pull the threads into the loop giving place to some kind of a 
winding process. This process is reminiscent of the winding of a rope around a reel. As 
a matter of fact, a [1]rotaxane is expected to be formed.  
First, computer modeling is employed for a rational design of the target molecule. 
Subsequently, the synthesis and characterization are presented. Finally, 
1H-NMR 
spectroscopic study of the molecular reel is discussed and an interpretation of the data 
is proposed. 
 
 
 
*: A reel is revolvable device that turns on an axis around which lengths of another material (usually long and 
flexible) are wound for storage. Generally a reel has a cylindrical core and walls on the sides to retain the 
material wound around the core.
1 
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7.1  Introduction 
 
 
In the past years major developmet has been seen in the growing field of molecular 
nanotechnology. Many molecular systems like a molecular rotor,
2 shuttle,
3 valve,
4 
elevator,
5 muscle,
6 scissor,
7 gear,
8 nanovehicles
9 and switches
10 have been reported.
11 
The main contribution from our group, as already mentioned in the previous chapters, has 
been in the development of light driven molecular rotary motors.
12,13,14 
All these molecules nicely demonstrate the ability of scientists to control motion at the 
molecular level. However, with all these nanotechnological tools in hand, the question 
“what do we do with them?” still remains open. Indeed, only few technological application 
of such molecules to build any sort of device has been reported to date.
15,16 
The macroscopic machines that we deal with in our every day-life constitute an obvious 
source of inspiration for chemists active in nanotechnology, who try to “manufacture” 
molecules the functioning of which is reminiscent of macroscopic devices (see examples 
above
17). 
Hence, in our search for answers to the question “what can we do with molecular rotors?” a 
natural attitude is to take inspiration from macroscopic rotors. Obviously, a rotor is 
designed to perform rotation; therefore it is employed in devices like reels (Figure 1), 
among numerous examples. In a reel, a thread is connected to a rotor. When the rotor part 
rotates, the thread winds up around it. Moreover, it should be noted that the supporting 
structure of the rotor (wooden part in Figure 1a and metallic part in Figure 1b) is designed 
to limit the free movement of the thread during the winding process, constraining it to wind 
around the rotor, rather then falling out. 
 
From the inspiration of macroscopic reels, a molecular reel has been designed and will 
be presented in this chapter. It is made of a molecular motor as rotor part, which is 
connected to two thread. When the molecular motor part rotates, the thread is expected to 
wind around it. 
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b)  a) 
 
Figure 1: Two examples of reels: a bobbin (a) and a fishing reel (b). 
 
 
 
7.2  Concept, design and modeling 
 
 
7.2.1  Concept 
 
It has been demonstrated (Chapter 3) that a first generation molecular motor can 
perform rotation when a loop is connected to the stereogenic centers (Scheme 1a). 
However, this is only possible if the loop is large enough to allow one half of the motor to 
pass through it, as necessary to continue the rotary process.  
If, additionally, a thread is connected to each half of the motor (Scheme 1b), when part of 
the rotating motor passes through the loop, the connected thread will follow, forming an 
intramolecular rotaxane (Scheme 1c). The presence of a stopper at the other end of the 
thread prevents the thread to escape from the loop, and maintains therefore the newly 
formed rotaxane. 
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Scheme 1: Concept of the molecular reel. a) molecular skipping rope (see chapter 3); b) molecular reel in the 
unwinded conformation; c) molecular reel in the winded conformation. 
 
 
It should be noted that the C2 symmetry of the motor implies that there is no preference 
for which of the two halves will go through the loop in the rotaxane forming process. Once 
in the winded conformation, however, the C2 symmetry is lost, as displayed in Scheme 1c. 
This should be kept in mind while studying the behavior of the loop when the structure is 
in the winded conformation.  
It can be envisioned that an energy barrier exists for the loop to pass on the other side 
of the motor, unlocking thread-a and forming a rotaxane with the other thread-b. The 
question is weather this energy barrier is large enough to make the disappearance of the C2 
symmetry of the molecule observable, or small enough to permit fast inversion and 
maintain the C2 symmetry detectable. It can be expected that the answer depends upon the 
size of the loop, and the speed of the spectroscopic technique employed. This loop-shifting 
process is represented in Scheme 2. 
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rate? 
 
 
Scheme 2: Possible loop inversion in the molecular reel. 
 
 
7.2.2  Molecular design and envisioned working mechanism 
 
In the described molecular reel, four different components can be distinguished: motor, 
loop, two threads and two stoppers (Figure 2).  
 
 
 
  stopper 
 
thread 
stopper 
loop 
motor 
 
Figure 2: Components of the molecular reel. 
 
 
The choice of all of these components is crucial in determining the behavior of the 
whole molecule. Therefore, care should be taken in designing the appropriate structure. 
In fact, the stoppers should be bulky enough to maintain a stable rotaxane structure after its 
formation. For the same reason, the loop should be as small as possible in order not to let 
the stoppers slip out. But at the same time, the loop should be large enough to permit half 
of the motor to pass through in order not to stop its rotation. Finally, the threads should not 
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be too short to avoid overcrowded situations during the rotaxane formation (vide infra), 
and their length is also important for the loop inversion (Scheme 2). 
 
Choosing the five-five membered ring first generation molecular motor as core, our 
past experience (see Chapter 3) indicates that a loop of 28 atoms (Chart 1a), which together 
with the motor unit form a 32-membered macrocycle. This allows for continuous rotation 
of the motor, and this loop is expected to be of appropriate size to permit half of the motor 
to pass through the loop. This structure was chosen as starting point for the design of the 
desired molecular reel.  
 
 
 
a) 
 
b) 
 
Chart 1: Structure of a) a molecular motor with a skipping rope (where the motor unit can pass through), and 
b) a tris(4-tert-butylphenyl)methyl stopper group. 
 
 
Stoppers and threads remain to be decided. Computer modeling has been employed for 
this purpose, as explained in the following section. 
 
 
7.2.3  Molecular modeling 
 
A common stopper in rotaxanes chemistry is the tris(4-tert-butylphenyl)methyl group 
(Chart 1b), probably due to its simple and unexpensive way of preparation.  
Computer modeling (vide infra) has played a central role for an accurate molecular design. 
It has been used to predict the behavior of the reel during the rotary process, to verify 
whether the above mentioned stopper is sufficiently bulky and to determine an appropriate 
length for the threads (vide infra). 
It should be remarked that all the structure shown are absolute minima only with 
respect to the rigid motor moiety and with respect to the loop in sterically hindred 
(wrapped) conformations. For the more flexible loop (in non wrapped conformations) and 
threads moieties, for which many different conformations are possible, no conformational 
analysis has been carried out, and the structures shown are only local minima. The local 
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minima shown have been chosen according to illustrative convenience, in the attempt to 
maximize the clarity of the structures. 
 
 
7.2.3.1  Analysis of the winding process and of the length of the threads 
 
With the above mentioned loop and stopper components, threads of 5 carbon atoms 
have been modeled at the PM3
18 level
19 with the motor unit in the stable cis “unwrapped” 
conformation (Figure 3a). In order to gain a better insight of the winding process, 
molecules with the motor unit in consecutive configurations according to the rotary cycle 
have been modeled at the same level of theory. The unstable trans and the stable trans 
isomers are shown in Figure 3b and Figure 3c, respectively. It can be seen that the 
“unwrapped” conformation is still maintained, as the two halves of the motor (the 
naphthalene moieties) still do not approach the loop significantly. 
 
 
In the next step, the unstable cis configuration is reached (Figure 4a). Here, the two halves 
of the motor are very close to the loop, which is in between them. The loop is now 
“wrapping” the motor unit. When the isomerization to stable cis occurs, the two 
naphthalene moieties slip past each other. The relative position of the two threads and of 
the loop does not change significantly, as the loop is still in the middle of the structure and 
the threads on the two sides (Figure 4b). So far, the C2 symmetry of the molecule is 
conserved. 
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a) 
b) 
  
c) 
 
Figure 3: Molecular modeling of a molecular reel with a 28 carbon atoms loop, tris(4-tert-
butylphenyl)methyl stoppers, and 5 carbon atoms threads, with the motor unit in the stable cis (a), unstable 
trans (b) and stable trans (c) “unwrapped”conformation. The structures have been optimized at the PM3 level 
of theory, and do not represent the absolute minima. 
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b)  a) 
         
d)  c) 
 
Figure 4: Molecular modeling of a molecular reel with a 28 carbon atoms loop, tris(4-tert-
butylphenyl)methyl stoppers, and 5 carbon atoms threads, with the motor unit in the unstable cis (a) and 
stable cis (b) “wrapped” conformation. Full space-filling models are also shown (c and d, respectively). The 
structures have been optimized at the PM3 level of theory, and do not represent the absolute minima. 
 
 
When the motor unit subsequently goes to the unstable trans isomer, two different 
conformations are  possible for the loop, as shown in Figure 5. In one, the loop remains in 
the middle between the two naphthalene moieties, wrapping the motor unit (Figure 5a). In 
this “winded-in-the-middle” conformation, the loop is winded around the motor (see also 
Figure 5b, which illustrates the structure of Figure 5a from a different point of view). No 
[1]rotaxane is formed. The structure still conserves the C2 symmetry. 
In the other, the loop shifts on one side along one of the threads, until it reaches the stopper 
(Figure 5c). In this case, a [1]rotaxane is formed, and the C2 symmetry of the molecule is 
broken. 
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a)  b) 
 
 
c) 
 
Figure 5: Molecular modeling of a molecular reel with a 28 carbon atoms loop, tris(4-tert-
butylphenyl)methyl stoppers, and 5 carbon atoms threads, with the motor unit in the unstable trans isomer. a) 
and b): wrapped “winded-in-the-middle” conformation; c) rotaxanated conformation. The structures have 
been optimized at the PM3 level of theory, and do not represent the absolute minima. 
 
 
 
Both the “winded-in-the-middle” and the rotaxanated conformations do not appear to 
be realistic. Indeed, their geometries result to be highly distorted, as evident from a 
comparison with the unstable trans motor unit in the unwrapped conformation in Figure 
3b. An overlay of these structures is displayed in Figure 6.  
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a)  b) 
 
Figure 6: Overlay of the unstable trans motor moiety in the wrapped “winded-in-the-middle” conformation 
(dark, left) and in the rotaxanated conformation (dark, right) with the unstable trans motor moiety in the 
unwrapped conformation (light, left and right). 
 
 
It has to be noted  that in the “winded-in-the-middle” conformation the threads and the 
loop are not involved in a steric interaction. This means that here, an elongation of the 
threads is not expected to reduce the described distorsion. 
On the contrary, in the rotaxanated conformation the loop is wrapped around one of the 
threads (in Figure 5c, the thread on the right). Therefore, these two moieties are 
geometrically connected. In order to release steric tension, the loop shifts along the thread 
for all its length until the stopper is reached. For this reason, it can be expected that 
increasing the length of the threads, the constrain of the molecule will decrease. 
 
In Figure 7, the progressive elongation of the threads from 5 to 9, 13, 17 and 21 carbon 
atoms is shown. With the 5 membered threads (Figure 7a), the molecule experiences high 
structural constrain, as discussed above. By increasing the length of the threads by 4 atoms 
at the time, this constrain appears to reduce. When the elongation arrives at 21 atoms, the 
thread moiety involved in the rotaxane structure appears to be no longer tight (Figure 7e), 
suggesting that the steric tension has been minimized. 
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a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
Figure 7: Calculated structures of molecular reels with 5 (a), 9 (b), 13 (c), 17 (d) and 21 (e) membered 
threads in the rotaxanated conformation, with the motor unit in the unstable trans isomer. The structures have 
been optimized at the PM3 level of theory and do not represent the absolute minima. 
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To better illustrate the modification in the molecule by lengthening the threads, the 
energy of the loop only, isolated from all the structures shown in Figure 7, was 
calculated.
19 The results are reported in Table 1. As expected, the highest energy is found 
with the 5 membered thread, indicating once again the high steric stress of this conformer. 
With elongation of the threads, a decrease in energy is found, and the lowest energy was 
found with the 17 membered thread. The increase of 5 kJ/mol with the 21 membered 
thread could be explained considering that in the model, as shown in Figure 7e, a van der 
Waals interaction between the stopper and the motor moieties can cause the thread to push 
on the loop more than in the case of the 17 membered thread.  
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Table 1: Relative energies of the loop moiety in the molecular reel, as a function of the number of atoms 
constituting the threads. 
 
 
Although the increase in energy of the 21 membered thread could also be an artifact of 
the calculation, the fact that in this case the energy does not reduce further is an indication 
that the hindrance is mostly minimized, and 17 atoms are sufficient to achieve the desired 
steric relaxation. This is also confirmed by the fact that the unstable trans motor moiety in 
the rotaxanated conformation in the 17 and 21 membered threads, result to have a very 
similar geometry, as shown in Figure 8a. In Figure 8b, instead, an overlay of the unstable 
trans motor moiety in the rotaxanated conformation in the 17 membered threads and in the 
non rotaxanated conformation (shown in Figure 3b) is shown to illustrate the significant 
reduction in distorsion on the motor unit compared with the case of shorter threads (Figure 
6). 
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a)  b) 
 
Figure 8: Overlay of the unstable trans motor moiety in the 17 (dark) and 21 (light) membered threads in the 
rotaxanated conformations (a) and of the unstable trans motor moiety in the 17 membered threads in the 
rotaxanated conformation (dark) and in the non rotaxanated conformation (light) (b) through the first 
aromatic ring of the upper half. 
 
 
In conclusion, a thread of 17 atoms has been chosen, for its expected capacity to 
produce a rotaxanated conformation with reduced tension compared with shorter threads. 
A full space filling model of its structure is shown in Figure 9. 
 
 
 
 
 
Figure 9: Full space filling model of the 17 membered threads molecular reel, selected for experimental 
work. 
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7.2.3.2  Conclusions on the rotaxane formation process 
 
The step where the rotaxane formation can be expected appears to be the 
photoisomerization step from the stable cis to the unstable trans isomer at the latest, due to 
steric reasons. Naturally, it can not be excluded that the loop can shift on one of the threads 
also in the previous configurations due to thermal motion.  
 
 
 
7.3  Retrosynthetic analysis and synthesis 
 
 
7.3.1  Final definition of the targets 
 
The final structure designed for molecular reel 7.1 is shown in Chart 2. Polyethylene 
glycol (PEG) rather then a hydrocarbon chain was chosen for the threads. In fact, 
1H-NMR 
spectroscopy will be used to study this molecule, and the protons of the PEG units are 
expected to absorb in a region of the spectrum where no other protons of the molecule will 
do. On the contrary, the absorptions of the protons of a hydrocarbon chain would overlap 
with the protons of the loop. Therefore, it is anticipated that this choice allows for an easier 
interpretation of the 
1H-NMR spectroscopic experiments.  
 
When the possibility of rotation of a molecular rotor connected to a loop was explored 
(Chapter 3), no functionalization was added on the naphthalene moieties of the motor unit. 
In case of molecule 7.1, however, the threads need to be connected to the naphthalene 
moieties. Therefore, it is essential to demonstrate that such derivatization does not 
compromise the rotation. Molecule 7.2 was synthetized and studied in order to verify 
wether the methoxy functionalizations, reminescent of the threads in molecule 7.1, affect 
the rotation. 
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7.1 
7.2   
 
Chart 2: Structure of the molecular reel 7.1 and of the dimethoxy motor 7.2 with loop. Note that in the olefin 
in the loop no preference can exist as E and Z isomers. 
 
 
 
7.3.2  Retrosynthetic analysis and synthesis of the model system 
 
7.3.2.1  Retrosynthetic analysis 
 
A retrosynthetic analysis of molecular reel 7.1 is shown in Scheme 3. The 32 
membered ring can be obtained via ring closing methatesis (RCM). The fact that a cis/trans 
mixture will result, is not expected to be a problem, as the configuration at the newly 
formed double bond is not expected to be a determining factor in the behavior of the whole 
molecule. As seen in the previous chapters, also here the McMurry coupling can be 
employed to provide the central hindered double bond of the motor unit, starting from 
ketone 7.3. Ketone 7.3 can be obtained by a nucleophilic substitution reaction of the free 
hydroxy moieties of ketone 7.5 with the tosylated thread 7.4. Ketone 7.5 can be readly 
obtained by an intramolecular Friedel-Crafts acylation of the acid of methoxy ester 7.7.  
Compound 7.4 is already known in the literature.
20 It can be derived from tetraethylene 
glycol and stopper 7.6. 
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Scheme 3: Retrosynthesis of molecular reel 7.1. 
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The synthesis of reel 7.1 has been thus reduced to methyl ester 7.7, stopper 7.6 and 
tetraethylene glycol. Tetraethylene glycol is a commercially available and inexpensive 
reagent.  
The retrosynthesis of stopper 7.6 is shown in Scheme 4. It can be prepared via an 
electrophilic aromatic substitution of alcohol 7.8 with phenol. Because of a combination of 
steric and electronic effects, this reaction is expected to occur preferentially at the para 
position.
21 The trisubstituted alcohol 7.8 can be obtained from 1-bromo-4-tert-
butylbenzene and diethylcarbonate.  
 
 
 
  7.6  7.8 
 
Scheme 4: Retrosynthesis of stopper 7.6. 
 
 
A possible synthetic approach to ester 7.7 involves an α-alkylation of  methyl 16-
heptadecenoate 7.10 with 2-(bromomethyl)-6-methoxynaphthalene 7.9 (Scheme 5). 
 
 
 
 
7.9 
7.7  7.10 
 
Scheme 5: Retrosynthesis of methyl ester 7.7. 
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As shown in Scheme 6, 2-(bromomethyl)-6-methoxynaphthalene 7.9 can be synthetized 
from 2-bromo-6-methoxynaphthalene. This is achievable in three steps, where the bromo 
substituent is first transformed in a formyl group, which is then reduced to the 
corresponding alcohol, and finally the hydroxy group is converted into the bromide. 
 
 
 
 
  7.9 
 
Scheme 6: Retrosynthesis of compound 7.9. 
 
 
Methyl 16-heptadecenoate 7.10 can be obtained by reaction of the cuprate reagent from 
11-bromo-1-undecene 7.11 and the ester of the bromo substituted acid 7.12 (Scheme 7). 
 
 
 
7.11 
7.10 
  7.12 
 
Scheme 7: Retrosynthesis of ester 7.10.  
 
 
7.3.2.2  Synthesis 
 
First, 2-bromo-6-methoxynaphthalene was lithiated and after reaction with DMF 
provided aldehyde 7.13  (Scheme 8), which was then reduced with lithium aluminium 
hydride to yield alcohol 7.14. Subsequently, phosphorous tribromide was used to 
successfully convert the hydroxy group into a bromide, heading to product 7.9 in 95% 
yield over the three steps. 
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7.14  7.13
7.9   
 
Scheme 8: Synthesis of compound 7.9.  
 
 
In parallel, the synthesis of ester 7.7 was achieved according to Scheme 9. First, the 
commercially available 6-bromohexanoic acid 7.12 was converted into the corresponding 
methyl ester 7.16. After exposing 11-bromo-1-undecene 7.11 to magnesium, the obtained 
Grignard reagent 7.15 was transformed into the corresponding cuprate and reacted with 
ester 7.16 to provide methyl heptadec-16-enoate 7.10 although only moderate yield was 
found. After deprotonation with LDA and subsequent exposure to bromide 7.9, no product 
7.7 could be obtained. However, when also iodide was added to the reaction mixture to 
invoke a bromide to iodide exchange, a 30% yield of 7.7 was obtained. 
 
 
Methyl ester 7.10 was also prepared according to the alternative synthetic route shown 
in Scheme 10. Ffirst, 4-bromobut-1-ene was converted into the correspondent Grignard 
reagent. Immediately after, the product was converted into the cuprate reagent in presence 
of 1,12-dibromododecane, to give 16-bromohexadec-1-ene 7.17 in moderate yield. 
Conversion to the Grignard reagent of 7.17 followed by reaction with dry ice, delivered 
heptadec-16-enoic acid 7.18 in good yield, which was smoothly transformed into the 
correspondent methyl ester 7.10. 
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Scheme 9: Synthesis of methyl ester 7.7. 
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Scheme 10: Alternative synthetic route to methyl ester 7.10. 
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The described synthesis of ester 7.7, although successful, provided the product only in 
low yield: less then 9% over three steps starting from acid 7.12. Therefore, an alternative 
path was explored leading to higher yields.  
 
An alternative α-alkylation could be considered in order to obtain methyl ester 7.7, but 
this time using 15-bromo-1-pentadecene 7.21 as the electrophile. The ethyl analogous of 
methyl ester 7.7, i. e. ethyl ester 7.19, will be the target molecule for reasons that will be 
evident from Scheme 13. In Scheme 11, the above planned alkylation to obtain ethyl ester 
7.19 is shown, starting from the precursors ethyl ester 7.20 and bromide 7.21 as the 
nucleophile and the electrophile, respectively.  
 
 
 
 
7.20 
7.19 
7.21
 
Scheme 11: Retrosynthesis of ethyl ester 7.19.  
 
 
Bromide 7.21 can be obtained by the commercially available 1,12-dibromododecane 
and allylmagnesium chloride (Scheme 12). 
 
 
 
  7.21 
 
Scheme 12: Retrosynthesis of 15-bromo-1-pentadecene 7.21. 
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Ethyl ester 7.20 could be obtained by dealkoxycarbonylation of substituted malonate 
7.22, the precursors of which are easily identified as the common diethylmalonate and the 
already discussed 2-(bromomethyl)-6-methoxynaphthalene 7.9 (Scheme 13). 
 
 
 
  7.20 7.22 
  7.9
 
Scheme 13: Retrosynthesis of ethyl ester 7.20.  
 
 
Exposure of 1,12-dibromododecane to allylmagnesium chloride in the presence of 
Li2CuCl4 provided bromide 7.21 in 40% yield (Scheme 14). The main side product, as 
expected, was octadeca-1,17-diene. 
 
 
 
  7.21 
 
Scheme 14: Synthesis of 15-bromo-1-pentadecene 7.21. 
 
 
The starting point for the synthesis of ethyl ester 7.19, as mentioned above, was the 
unexpensive diethyl malonate. It was deprotonated with potassium carbonate and then 
exposed to bromide 7.9 (Scheme 15). Compound 7.22 was obtained in high yield. Heating 
at 175ºC in the presence of lithium chloride afforded ester 7.20 via dealkoxycarbonylation 
(Krapcho reaction). Finally, the α-alkylation with bromide 7.21 delivered product 7.19. 
This reaction was performed 3 times and, unfortunately, the obtained yield was as low as 
6.6% in the best case.  
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Scheme 15: Synthesis of ethyl ester 7.19. 
 
 
Starting from diethyl malonate, the total yield over the three steps can be calculated to 
be an unsatisfactory 3%. Therefore, this second synthetic route did not provide any 
improvement with respect to the previous one. 
 
A good result was finally achieved via a third alternative route. In Scheme 16 it is 
shown how ester 7.19 can be obtained from dealkoxycarbonylation of molecule 7.23, 
which can be prepared by alkylation of substituted diethyl malonate 7.22 with bromide 
7.21, both of which have been already described above (see Scheme 14 and Scheme 15). In 
other words, in this synthetic route compounds 7.21 and 7.22 are transformed via an 
alkylation and a dealkoxycarbonylation like in the previous approach, but now these two 
reactions are performed in the opposite order. 
 
To achieve deprotonation, compound 7.22 was heated at reflux with sodium hydride in 
THF for 24 h before bromide 7.21 was added. Due to the steric hindrance of the substrate, 
inorganic  iodide was also added to the reaction mixture to improve the reactivity of the 
electrophile, delivering product 7.23 in a good yield of 80% (Scheme 17). Indeed, it shoud 
be mentioned that when this reaction was performed treating substrate 7.22 with sodium 
hydride only for 1 h at room temperature, and without adding iodide together with bromide 
7.21, the yield obtained was only 36%. Subsequent dealkoxycarbonylation gave product 
7.19, in an overall yield of 41% in three steps, starting from diethyl malonate. 
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Scheme 16: Alternative retrosynthetic approach to ethylester 7.19. 
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Scheme 17: Alternative synthesis of ethyl ester 7.19. 
 
 
The next phase in the synthesis of reel 7.1 is the preparation of ketone 7.5 from ester 
7.19. First, ester 7.19 was easily hydrolyzed to give the corresponding acid 7.24 in 
quantitative yield (Scheme 18). Subsequently, the ring closing was achieved with a 
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Friedel-Crafts acylation. The use of oxalylchloride to activate the carboxylic group and 
aluminium trichloride or tin tetrachloride to perform the acylation, gave unwanted partial 
reaction of the terminal double bond. More successful was the use of scandium triflate in 
combination with trifluoroacetic anhydride, affording product 7.5 in high yield. 
 
 
 
 
7.5  7.24  7.19 
 
Scheme 18: Preparation of ketone 7.5 from ester 7.19. 
 
 
Ketone 7.5 was employed for the preparation of the model system 7.2 in two steps. 
First, a McMurry coupling reaction provided motor 7.25 in a trans/cis ratio of 5:2 (Scheme 
19), which could be sparated by column chromatography. Subsequently, trans  7.25 
underwent ring closure metathesis after exposure to first generation Grubbs’ catalyst 
(Scheme 20).  
 
 
 
cis 7.25 
7.5 
  trans 7.25 
 
Scheme 19: McMurry coupling of ketone 7.5 to provide motor 7.25. 
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  trans 7.25  trans 7.2 
 
Scheme 20: Ring closing metathesis of motor trans 7.25 to afford the model system 7.2. 
 
 
The newly generated olefin was obtained as a cis/trans mixture, the ratio of which could 
not be determined on the basis of 
1H-NMR spectroscopic analysis due to the overlap of the 
two signals. Purification of product 7.2 (being a mixture of cis and trans configurations at 
the double bond in the loop) was achieved performing column chromatography on silica 
gel with 5% silver nitrite
22 several times. The purest fraction recovered provided a 34% 
yield of trans  7.2. However, due to the many operations to achieve purification, and 
considering the frequent sensitivity of sterically hindered alkenes to acidic environments 
like silica, the actual yield can be presumed to be higher. 
 
 
7.3.3  Synthesis of the stopper-thread moiety 
 
The preparation of the stopper is shown in Scheme 21. Reaction of 1-bromo-4-tert-
butylbenzene with n-BuLi followed by diethyl carbonate provided alcohol 7.8 in 
quantitative yield. After reaction of 7.8 with acetylchloride followed by heating at reflux in 
the presence of phenol afforded stopper 7.6 in good yield. 
 
The thread was prepared starting from tetraethylene glycol (Scheme 22). A tosyl group 
was installed on one of the two terminal hydroxy moieties as leaving group in the next 
step. Due to the large excess of tetraethylene glycol used (about 10 equiv.), product 7.26 
was obtained in good yields. Only about 9% of ditosylated product was recovered. 
Subsequently, 7.24 and 7.6 were allowed to react in presence of base to give product 7.27. 
Again, the terminal hydroxy group of 7.27 was converted in a tosyl group, providing 7.4 in 
good yield. 
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Scheme 21: Synthesis of stopper 7.6. 
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Scheme 22: Preparation of the stopper-thread moiety 7.4. 
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7.3.4  Synthesis of the molecular reel 
 
Deprotection of the methoxy ether in ketone 7.5 was successfully achieved with freshly 
prepared sodium methyl thionate
23,24 (Scheme 23). The obtained phenol 7.28 was reacted 
with tosylate 7.4 to provide ketone 7.3 in quantitative yield. Next, the McMurry coupling 
gave 7.27 as a mixture of isomers with a 15:2 trans/cis isomeric ratio, for a total yield of 
65%. 
 
The two isomers were separated by colum chromatography, and were distinguished by 
1H-
NMR spectroscopic analysis. Indeed, due to the closer proximity of the naphthalene 
moieties, the cis isomer displays chemical shifts of its aromatic protons at higher field  
(7.6-6.0 ppm) compared with the trans (8.2-7.1 ppm). The protons of the five membered 
ring are also diagnostic, as they absorb in the range 3.5-2.7 ppm in the cis, and 2.9-2.4 ppm 
in the trans. The terminal alkene is retained, as demonstrated by the absorptions at the 
expected shifts of 5.8 and 4.9 ppm. All these date are in agreement with what observed for 
motor 7.25.  
 
The last step to conclude the synthesis of reel 7.1 is the ring closing methatesis (RCM) 
of compound 7.29. From the McMurry coupling, trans  7.29 was the main product. 
Naturally, this isomer was the first choice for the RCM. First generation Grubbs’ catalyst 
was used, according to our previous positive results (see Chapter 3 and 7.2). Much to our 
surprise, no product was isolated (Scheme 24). As the same RCM was successful in 
providing  trans  7.2, the only hypothesis is that the stopper and/or thread moieties are 
involved in preventing the RCM in trans 7.29. 
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7.3 
trans 7.29 
cis 7.29 
 
 
Scheme 23: Synthesis of 7.29. 
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trans 7.29 
trans 7.1 
 
Scheme 24: Attempted RCM of reel trans 7.1. 
 
 
 
As in the cis isomer, compared with the trans, threads and stoppers are further away 
from the terminal double bonds, the RCM reaction was performed also on cis 7.29.  
Due to the low quantity of cis 7.29 obtained synthetically, more material was produced via 
photoisomerization of trans 7.29. For this purpose, trans 7.29 was irradiated with a 365 nm 
light at -75ºC in DCM-d2, providing the unstable cis isomer. When the photostationary 
state (PSS) was reached, as proved by the absence of further 
1H-NMR spectroscopic 
changes, 90% of the material was converted in unstable cis  7.29. Finally, thermal 
rearrangement provided stable cis 7.29 (Scheme 25). 
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trans 7.29 
Δ 
cis 7.29 
cis 7.1 
 
Scheme 25: Final steps in the synthesis of reel cis 7.1. Intramolecular rotaxane formation using a rotary molecular motor: a molecular reel 
 
 
 
In the very last step, 1
st generation Grubbs’ catalyst provided product 7.1. 
1H-NMR 
analysis of the crude revealed high conversion (only very small residual absorptions at 5.8 
and 4.9 ppm could be observed) and the presence of small quantities of impurities. 
Therefore, a yield of about 90% can be assumed. That the RCM provided the desired 
product, is proved by the new 
1H-NMR absorption of the olefinic protons at 5.3 ppm. The 
newly formed double bond was obtained as a cis/trans mixture, although its E/Z ratio could 
not be determined on the basis of 
1H-NMR spectroscopic analysis due to the overlap of the 
two signals.  
After few attempts, column chromatography was found to be inadequate to achieve 
purification, and preparative HPLC was used (see experimental details) to provide pure cis 
7.1. 
 
 
7.3.5  Conclusion  
 
Molecular reel cis  7.1 has been successfully prepared in a 19 steps synthesis. The 
longest linear sequence of the synthesis counts 13 steps, which provided the target 
molecule in an overall yield of 14%. 
 
 
 
7.4  
1H-NMR measurements 
 
 
In order to verify how the two methoxy substituents affect the rotation of the motor 
unit, 
1H-NMR measurements were carried on the model system 7.2. 
Subsequently, also reel 7.1  was studied in the same way. 
 
 
7.4.1  
1H-NMR measurements of the model system 
 
The purest fraction of the model system trans 7.2 was used for 
1H-NMR spectroscopic 
measurements.  Figure 10a shows the most important part of its 
1H-NMR spectrum in 
deuterated DCM at -50ºC. The spectrum is in agreement with similar results previously 
reported.
25 The assignments are based on the basis of the coupling constants. 
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The sample was irradiated with a 365 nm light for 4 h, while kept at -70ºC in an ethanol 
bath. The 
1H-NMR spectrum -50ºC of the irradiated sample (Figure 10b) revealed high 
conversion (ca. 95%) to a new isomer. The newly obtained isomer could be identified as 
the unstable cis 7.2  by the high field shift of the aromatic protons of the naphthalene 
moieties (protons Ha-He, range of 6.0-7.6 ppm), which is caused by closer proximity of the 
naphthalene groups. The shifting of protons Hf, Hg and Hi is also consistent with previously 
reported results (Chapter 2). 
 
The sample was then stored at room temperature overnight (although a shorter period is 
probably sufficient), and measured again. Figure 10c shows the obtained 
1H-NMR 
spectrum at 20ºC, which verifies a quantitative isomerization to stable cis 7.2, as confirmed 
by comparison with similar results previously reported.
25 
 
An unexpected and unusual temperature dependence effect was observed for stable cis 7.2. 
As shown in Figure 11, decreasing the temperature, the intensity of all the signals 
decreases. Increasing the temperature again, the intensity of the signals is restored. 
Therefore, this effect is completely reversible. A possible explanation could be 
precipitation of the compound due to decrease of solubility or aggregation, although no 
precipitation was observed upon visual inspection. 
No further significant change was found above 20ºC. 
 
The same sample, now containing stable cis 7.2, was used to study the second half of 
the rotary cycle.  
In Figure 12a, the 
1H-NMR spectrum of stable cis 7.2 at -50ºC is shown again for 
convenience. The sample was cooled at -70ºC in an ethanol bath and irradiated with 365 
nm light for 3.5 h. Subsequently, its 
1H-NMR spectrum was acquired at -50ºC (Figure 
12b). Examination of this spectrum reveals the appearance of a new compound. The 
unstable  trans isomer is expected. Indeed, the trans nature of this new compound is 
supported by the low field shift of the naphthalene protons. An assignment of the 
absorptions is proposed on the basis of the coupling constants. 
 
When the temperature of the sample was increased, already at -20ºC a thermal 
isomerization started to occur. The sample was left at room temperature for few minutes to 
complete the isomerization. Subsequently, it was cooled again to -50ºC and its 
1H-NMR 
spectrum was acquired (Figure 12c). Comparison with Figure 10a proves the identity of 
this last obtained isomer as stable trans. From here, it can be confirmed that the isomer 
observed in Figure 12b was indeed the unstable trans.  
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a) 
stable trans 
He    Ha     Hb     Hc     Hd                                                                 HMe                      Hg         Hi   Hf   
O
O
 
b)  
unstable cis 
 
O
O
 
Hd        He         Hc      Ha       Hb                                                   HMe                Hi       Hg     Hf   
c)  
stable cis 
 
Hd    He                Hc       Ha        Hb                                               HMe                      Hi+g        Hf   
ppm 3.0 4.0 5.0 6.0 7.0 8.0  
 
Figure 10: 
1H-NMR spectra in DCM-d2 of the first half cycle of motor 7.2. a) stable trans (-50ºC); b) 
irradiation (365 nm): unstable cis (-50ºC); c)  thermal inversion: stable cis (20ºC). 
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a)  20ºC 
 
b)  5ºC 
 
c)  -10ºC 
 
d)  -30ºC 
 
e)  -50ºC 
ppm 2.0 3.0 4.0 5.0 6.0 7.0 8.0
 
 
Figure 11: Temperature dependence of 
1H-NMR spectra of stable cis 7.2 in DCM-d2. The temperatures of 
acquisitions are indicated. 
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a)    
stable cis 
 
b)  
stable cis + unstable trans 
Hd     He      Hc   Ha    Hb                                                            HMe                  Hi        Hg      Hf   
 
c)  
stable cis + stable trans 
 
d)  
stable cis + unstable trans (20ºC) 
ppm 3.0 4.0 5.0 6.0 7.0 8.0  
 
Figure 12: 
1H-NMR spectra in DCM-d2 of the second half cycle of motor 7.2. a) stable cis (-50ºC); b) 
irradiation (365 nm): unstable trans (-50ºC); c)  thermal inversion: stable trans (-50ºC); d) stable trans 
(20ºC). 
 
 
Consistently with the thermal behavior of stable cis 7.2 described above (Figure 11), 
when the temperature of the sample was increased to 20ºC, the residual stable cis became 
visible (Figure 12d). Additionally, a comparison of Figure 12c and Figure 12d reveals that 
also the stable trans isomer undergoes the same temperature dependent absorption intensity 
effect, although to a minor degree. 
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From Figure 12d, a cis/trans ratio of 4/3 was calculated on the basis of the integrals of 
the absorptions. Whether a longer irradiation time would improve the conversion of stable 
cis to unstable trans, was not investigated so far. 
A full 360º cycle of 7.2 around its central double bond has therefore been performed.  
 
It can be concluded that molecule 7.2 can function as a unidirectional molecular motor. 
Its rotary cycle is shown in Scheme 26. 
 
 
 
 
365 nm 
unstable cis 7.2  stable trans 7.2 
Δ  Δ
365 nm 
  stable cis 7.2  unstable trans 7.2 
 
 
Scheme 26: Rotary cycle of molecular motor 7.2. 
 
 
 
7.4.1.1  Conclusions on the spectroscopic study of the model system 
 
Although the second photoconversion yielded relatively poor results, model system 7.2 
has been demonstrated by 
1H-NMR spectroscopic study to be capable of performing 
unidirectional 360º rotation around its central double bond. 
The reduced photoconversion from stable trans to stable cis, could be attributed to steric 
factors. In this configuration, indeed,  the loop is wedged between the two methoxy groups 
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(see Figure 4a and c), generating steric hindrance and thereby a destabilization. This could 
have an effect on the PSS in favour of the stable trans isomer. 
This proves that the methoxy substituted naphthalene moieties are able to pass through the 
loop and, therefore, do not prevent the rotation to occur. 
 
These findings are fundamental for the study of molecular reel 7.1. Indeed, molecular 
reel 7.1 has been designed to have its rotation blocked when the winding process arrives to 
its limit. As the methoxy groups in 7.2 offer comparable steric hindrance in passing 
through the loop as the threads in 7.1, the fact that 7.2 can perform rotation indicates that 
the threads will not impede the rotation in 7.1. Therefore, the stoppers are the only possible 
cause for 7.1 to experience a block in the rotary function. 
 
 
7.4.2  
1H-NMR measurements of the molecular reel 
 
The purest fraction of molecular reel cis 7.1 isolated from preparative HPLC was used 
for 
1H-NMR spectroscopic measurements. Figure 13 shows the most distinctive part of its 
1H-NMR spectrum in deuterated DCM at -50ºC (a) together with the spectra obtained after 
the first photochemical and the first thermal isomerization steps (b and c, respectively). A 
NOESY measurement was performed for a correct assignment of protons Hm and Hn (7.15 
and 7.25 ppm at 25ºC, respectively – see Figure 14d), and Hk and Hj. It should be noted 
that in Figure 13a, a small amount of the trans isomer is visible as impurity (see, for 
example, absorptions at 8.1 and 7.6 ppm). 
 
The sample of stable cis 7.1 shown in Figure 13a was irradiated with 365 nm light until 
the photostationary state (PSS) was reached and no further spectroscopical changes could 
be detected (20 min were needed), while keeping the solution at -75ºC in an ethanol bath. 
The 
1H-NMR spectrum at -50ºC of the sample at the PSS (Figure 13b) revealed conversion 
to unstable trans 7.1, as recognized by comparison with unstable trans 7.2 (Figure 12b), in 
particular, the naphthalenic protons shift downfield). The unstable trans/stable cis ratio was 
calculated to be 90:10 on the bases of the integrals of the absorptions. 
 
When the temperature of the sample was increased, already at -20ºC a thermal 
isomerization started to occur. The sample was left at room temperature for a few minutes 
to allow to complete the isomerization. Subsequently, it was cooled again to -50ºC and its 
1H-NMR spectrum was recorded (Figure 13c). Comparison with stable trans 7.2 (Figure 
10a) confirmed that the obtained new isomer was stable trans 7.1 (see for example the 
absorptions of the naphthalene protons), as expected. 
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a)                                              stable cis 
 
   Hd   He           Hm+n+k   Hc  Hj  Ha              HPEG                                   Hi+g        Hf   
   Hb      
b)                                     unstable trans     
 
Hd  He  Hc     Hm+n+k Ha Hb  Hj                      HPEG                                 Hi     Hg     Hf   
c)                                          stable trans 
He  Ha   Hb    Hm+n+k+c+d   Hj                          HPEG                                   Hg+i            Hf   
ppm 2.0 3.0 4.0 5.0 6.0 7.0 8.0  
 
Figure 13:
 1H-NMR spectra in DCM-d2 of the first part of the cycle of reel 7.1. a) stable cis (-50ºC); b) 
irradiation (365 nm): unstable trans (-50ºC); c)  thermal inversion: stable trans (-50ºC). 
 
 
Subsequently, a second irradiation was performed. The sample, containing now stable 
trans  7.1 (displayed again in Figure 14a for convenience), was cooled to -75ºC and 
irradiated with a 365 nm light until the PSS was reached (15 min were required). The 
1H-
NMR spectrum of the sample at the PSS at -50ºC is shown in Figure 14b. A 60% 
conversion to a new isomer resulted from analysis of the integrals of the absorptions. 
 
  364Intramolecular rotaxane formation using a rotary molecular motor: a molecular reel 
The identity of this newly obtained isomer would be expected to be unstable cis. 
However, this can not be unequivocally established, as its absorptions do not perfectly 
superimpose to those of unstable cis 7.2 (Figure 10b). Yet, the fact that a high field shift is 
observed in the aromatic region (from 8.1-7.1 ppm for the stable trans to 7.5-6.1 ppm) is 
indicative of a cis configuration. Additionally, also changes upon increase of temperature 
were observed (vide infra). 
 
The irradiated sample was warmed to room temperature. Slow changes were detected 
by 
1H-NMR, and in order to allow the thermal process to complete, the sample was left in 
the dark at room temperature for 2 d. Next, the 
1H-NMR spectrum was recorded at -50ºC 
for comparison with those acquired previously, and is shown in Figure 14c. The result is a 
1H-NMR spectrum showing mainly stable trans  7.1 but, remarkably, with less intense 
absorptions compared with those in Figure 14a. With the experience of stable cis 7.2 in 
mind, the 
1H-NMR spectrum of which displays significant decrease in the intensity of the 
absorptions at -50ºC and regular intensities again at 25ºC, one could expect that stable cis 
7.1 is now in a situation where, just like the related compound cis 7.2, does not show clear 
1H-NMR absorptions at -50ºC (possibly due to a decrease in solubility or formation of 
sub\micro aggregates). However, in this case, also when the sample was warmed at 25ºC 
(Figure 14d) no additional absorptions were detected (the most visible difference with the 
spectrum acquired at -50ºC was a higher resolution of the aromatic protons of the stoppers 
Hm and Hn, which absorb at 7.15 and 7.25 ppm, respectively, as demonstrated by NOESY 
measurements). 
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a)                                           stable trans 
He  Ha   Hb     Hm+n+k+c+d      Hj                                HPEG                                      Hg+i            Hf   
 
 
 
stable trans 
b) 
stable trans 
c) 
stable trans 
stable trans 
d) 
stable trans  stable trans 
ppm 3.0 4.0 5.0 6.0 7.0 8.0  
 
Figure 14: 
1H-NMR spectrum in DCM-d2 of stable trans 7.1 (-50ºC, a), after irradiation at 365 nm (-50ºC, b) 
and after thermal isomerization (-50ºC, c and 25ºC, d). 
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Apparently, stable trans 7.1 undergoes photoconversion with poor PSS to a cis isomer 
which, after thermal rearrangement, exhibits similar 
1H-NMR spectroscopic properties to 
cis 7.2 at low temperatures.  
 
Two further irradiation experiments were performed to continue the study of compound 
7.1. In Figure 15a, a magnification of the aromatic region of the 
1H-NMR spectrum shown 
in Figure 14d is displayed for convenience. As the thermal rearrangement after irradiation 
of stable trans isomer 7.1 was found to require several hours at room temperature to occur, 
the third irradiation was performed at 15ºC, rather then at -75ºC. Light of 365 nm was 
used, and the irradiation was continued for 15 min, when no further spectroscopic changes 
were observed. The aromatic region of the resulting 
1H-NMR spectrum at 0ºC is shown in 
Figure 15b, and reveals the formation of a new compound, together with residual stable 
trans. 
 
Subsequently, the sample was left at room temperature in the dark for 2 d. Its 
1H-NMR 
spectrum was then measured at 25ºC (Figure 15c). Stable trans  7.1 is clearly visible 
(absorptions at 8.3 and 7.6 ppm), and other absorptions that can already be detected after 
the second thermal step (Figure 15a) appear with increased intensities (regions 6.0-6.5 and 
7.3-7.7 ppm). 
From this last irradiation and thermal rearrangement experiments, a conclusion can be 
drawn. When the stable trans isomer is irradiated, a thermally unstable isomer is produced. 
This new isomer can thermally either undergo isomerization back to the stable trans isomer 
(as demonstrated by the fact that the intensities of the stable trans isomer increase again 
upon thermal isomerization), or give a new product (new absorptions in Figure 15c 
compared with Figure 15a). 
 
As the conversion in the photochemical step is poor, and the thermal conversion 
appears to be slow at room temperature, a fourth irradiation was carried out on the sample 
at 30ºC, envisioning that at this temperature the thermal step that follows the 
photoisomerization will occur at higher speed, thus pushing the photoconversion toward 
completion. The irradiation (365 nm) was continued for 22 min. As shown in Figure 15d, 
the stable trans isomer was fully consumed, while all the other absorptions remained 
unchanged. 
No further changes were observed when the sample was  kept at room temperature over a 
10 days period. 
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isomer 
 
 
b) 
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isomer  new unknown isomer 
stable trans 
 
c) 
stable trans 
 
d )                         w i n d e d   r e e l ? ?  
no residual 
stable trans 
ppm 6.00 6.50 7.00 7.50 8.00  
 
Figure 15: 
1H-NMR spectra of 7.1 in DCM-d2 after the second irradiation (365 nm, performed at -75ºC) and 
thermal inversion (25ºC, a), after the third irradiation (365 nm, performed at 15ºC) (0ºC, b), after the thermal 
inversion (25ºC, c), and after the fourth irradiation (365 nm, performed at 30ºC) (25ºC, d). 
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7.4.2.1  Discussion on the isomerization study of the molecular reel 
 
The substituted molecular motor 7.1 is expected to perform rotation but not 
continuously. Indeed, it has been designed to wind on itself like a reel, forming an 
intramolecular rotaxane, the stoppers of which would block further rotation. It should be 
kept in mind that the molecule in the winded isomer might either retain C2 symmetry or 
became C1 symmetric, depending on how fast the loop is in shifting around the motor unit 
(Scheme 2) compared with the acquisition time of the NMR spectrometer. 
 
The 
1H-NMR spectroscopic data obtained for 7.1 are difficult to interpret. The study 
started from the stable cis isomer. The first part of the rotation was consistent with the 
standard behavior of molecular motors (for example, see Chapter 2), in that unstable trans 
and subsequently stable trans could smoothly be obtained.  
Subsequently, when the two halves of the motor unit have to approach the loop, data 
become more ambiguous, as the 
1H-NMR signals observed differ from what expected (by 
comparison with 7.2). In particular, stable trans 7.1 appears to give poor photoconversion, 
which is not the case for stable trans 7.2. Moreover, it is not clear which isomer is obtained 
after irradiation and thermal conversion of stable trans 7.1 (Figure 15d), because all the 
absorptions of the obtained isomer display decreased intensities (possibly due to 
precipitation or formation of small aggregates). 
However, it should be kept in mind that the stable cis isomer of the model system 7.2 
has been found to have a 
1H-NMR spectrum with decreased intensities of absorptions 
under certain conditions (low temperature). This property is likely to be shared with the 
isomer (cis or other) of 7.1 obtained after irradiation of stable trans 7.1, considering the 
similarity between the molecular structures of 7.1 and 7.2. 
 
From the modeling study, the latest step where the rotaxane formation, and therefore 
the blocking of the rotation, must occur as a consequence of the isomerization of the motor 
unit is the photoisomerization of the wrapped stable cis to unstable trans. However, already 
after irradiation of stable trans 7.1 the process seems blocked. The possibility that the 
rotaxanation process occurs already at this stage in order to minimize steric tension in the 
loop, when the wrapped unstable cis configuration is obtained by photoirradiation of stable 
trans 7.1 can not be excluded. 
 
Another important consideration has to be made. The only difference between 7.1 and 
7.29 is the form of the loop: closed in 7.1 and open in 7.29. Upon irradiation, stable trans 
7.29 could be effectively converted into unstable cis (90:10 cis/trans ratio), which after 
thermal isomerization gave stable cis 7.29, as expected. This proves that the loop is the 
only unit responsible for the peculiar behavior of 7.1. 
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In summary, both 7.2 and 7.1 show a disappearance of the 
1H-NMR absorptions in the 
stable cis configuration. However, while 7.2 can perform a full 360º rotary cycle, this is not 
the case for 7.1, which does not undergo any further spectroscopical change after the 
photoisomerization of the stable trans isomer. 
 
 
Further observations based on the experimental data 
 
The absorptions of the 
1H-NMR spectrum acquired after photoirradiation of stable 
trans 7.1 (Figure 14b) appear to be very similar to the one of stable cis 7.1 as obtained 
from synthesis (Figure 13a) (in particular, see absorptions at 6.1 and 6.6 ppm). For 
convenience, the most relevant parts of the two above mentioned spectra are shown in 
Figure 16. It may be tempting to suggest that the most complex splitting pattern of the 
1H-
NMR spectrum shown in Figure 16b is due to a rotaxanated conformation of stable cis 7.1 
that has lost its original C2 symmetry due to a low shifting rate of the loop between the two 
halves of the molecule (see Scheme 2). However, a COSY spectroscopic analysis showed 
no cross-peak between the absorptions at 6.15 and 6.55 ppm (relative to Ha and Hb in 
Figure 16a). The conclusion is that the isomer obtained after irradiation of stable trans 7.1 
(Figure 16b and Figure 14b) can not be a stable cis configuration of compound 7.1, 
notwithstanding the spectroscopic similarities. Nonetheless, it can not be excluded that 
some other wrapped (and perhaps rotaxanated) conformation of 7.1 with the motor unit in 
the cis geometry is obtained. The identity of this isomer is still to be disclosed. 
 
The fact that after warming at room temperature the absorptions of the newly formed 
isomer disappear, is probably due to the same (unknown) reasons why the absorptions of 
stable cis 7.2 disappear at low temperature. In Figure 17, two models from two different 
viewing angles of the stable cis 7.1 are shown. 
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a)  stable cis 7.1 from synthesis 
 
         (see Figure 13a) 
                 ( C 2   s y m m e t r i c )  
 
b)  after irradiation of stable trans 7.1 
   Hd     He                        Hm+n+k     Hc      Hj      Ha                 H   b
ppm
6.00 6.50 7.00 7.50 8.00
 
 
Figure 16: 
1H-NMR spectra: a) stable cis 7.1 as obtained from synthesis (also shown in Figure 13a); b) after 
irradiation of stable trans 7.1 (also shown in Figure 14b). For assignments of the protons, see the cited 
figures. 
 
 
 
       
 
Figure 17: Two models of the C1 symmetric rotaxanated stable cis 7.1 from two different viewing angles. 
 
 
            (see Figure 14b) 
            (C1 symmetric?) 
similarities 
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7.5  Conclusions 
 
 
Molecular reel 7.1 has been successfully prepared in 19 steps. 
A 
1H-NMR spectroscopic study has been carried out to investigate the photochemical and 
thermal properties of 7.1 and 7.2.  
 
Model system 7.2 has been demonstrated to function as a molecular motor. This is 
possible in that the methoxy substituents are not sufficiently bulky to block the passage of 
the motor through the loop. Moreover, an unexpected decrease in intensity of the 
1H-NMR 
absorptions is observed in the stable cis 7.2 by decreasing the temperature (could be due to 
precipitation or formation of small aggregates; however, further controls are needed). 
 
The behavior of compound 7.1 as molecular reel could not be unequivocally 
demonstrated. However, the data collected are not in contrast with the expected properties 
of the molecule, i. e. non continuous rotation. The motor unit, starting from the stable cis 
isomer, performs rotation until the stable trans isomer is obtained.  At that point, whilst 7.2 
can continue the rotation, 7.1 undergoes not yet fully understood isomerization processes 
and, subsequently, does not show further clear spectroscopical changes under light and 
heat. A blocking of the rotation was indeed predicted at a certain stage of the rotary cycle. 
However, more experiments need to be done to disclose and fully characterize the 
properties of molecule 7.1. 
 
In  Figure 18, a scheme of a possible working mechanism of 7.1 based on the 
experimental data obtained so far is shown. The unwrapped stable cis is irradiated to give 
the unstable trans isomer with a favorable PSS, which converts thermally into stable trans. 
Further irradiation seems to provide what is probably a wrapped cis configuration (shown 
as unstable cis in Figure 18), although only a moderate PSS is reached. Thermal energy 
makes the rotaxanation occur by isomerization to stable cis of the motor unit (although part 
of it isomerises back to the stable trans isomer), and no further photochemical or thermal 
isomerization is observed. 
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hν 
Δ 
hν 
Δ 
unwrapped 
stable cis 
unwrapped 
 unstable trans 
stable trans  wrapped cis 
(?) 
rotaxanated cis 
(stable or unstable) 
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Figure 18:  Possible isomerization processes of molecular reel 7.1. 
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7.6  Experimental section 
 
 
7.6.1  General remarks 
 
Preparative HPLC was performed on a Shimadzu HPLC system described in Chapter 3. 
For other general informations, see general remarks  in the experimental section of 
Chapter 2. 
 
 
7.6.2  Computational details 
 
All the calculations were performed with the Hyperchem 7.5 software package
26 at the 
PM3
18 level of theory. The motor units have been optimized at their minimum of energy. 
For the remaining part of the molecules, no conformational analysis was carried out, 
therefore the structures represent only local minima. 
The single point energies of the loops, reported in Table 1, section 7.2.3.1, were obtained 
by single point calculations performed on the loop moiety in the configuration at the 
minimized molecular stucture, after being isolated from the rest of the molecule. 
 
 
 
 
O
O O
O O
O
O O
O O
 
Compound cis (7.1): compound cis 7.29 (50 mg, 0.024 mmol) was dissolved in dry DCM 
(40 ml). Separately, 1
st generation Grubbs catalyst (1 mg, 5 mol%) was dissolved in dry 
DCM (1 ml). Both solutions were degassed three times by freeze-pump-thaw technique. 
Subsequently, they were mixed together and stirred at reflux over night. Methanol (1 ml) 
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was added, and the volatiles were eliminated under reduced pressure. 
1H-NMR analysis 
showed complete conversion of the starting material and the presence of minor side 
products (yield: ca. 90%, on the basis of 
1H-NMR spectroscopic analysis of the crude). 
Purification was achieved by preparative HPLC (Econosil column, 5% IPA in heptane; 
flow: 1 ml/min; 25ºC). After collection of the fractions of cis  7.1, the solvents were 
eliminated by rotary evaporation, to give the product as a yellow powder. 
 
cis: 
1H NMR (500 MHz, CDCl3) δ ppm 7.51 (d, J = 7.90 Hz, 2H), 7.38 (d, J = 8.00 Hz, 
2H), 7.22 (d, J = 8.35 Hz, 12H), 7.07 (d, J = 8.29 Hz, 16H), 6.95 (d, J = 1.85 Hz, 2H), 
6.74 (d, J = 8.69 Hz, 4H), 6.51 (d, J = 9.24 Hz, 2H), 6.10 (d, J = 9.03 Hz, 2H), 5.35 (d, J 
= 3.01 Hz, 2H), 4.11-4.02 (m, 4H), 4.02-3.97 (m, 4H), 3.83-3.78 (m, 4H), 3.78-3.73 (m, 
4H), 3.71-3.66 (m, 4H), 3.66-3.60 (m, 12H), 3.43-3.34 (m, 4H), 2.78 (d, J = 14.26 Hz, 
2H), 2.09-1.93 (m, 6H), 1.35-1.22 (m, 46H), 1.29 (s, 54H). 
1H NMR (500 MHz, CD2Cl2) δ ppm 7.55 (d, J = 8.13 Hz, 2H), 7.41 (d, J = 8.21 Hz, 2H), 
7.29-7.22 (m, 12H), 7.18-7.11 (m, 16H), 6.98 (d, J = 2.47 Hz, 2H), 6.75 (d, J = 8.95 Hz, 
4H), 6.54 (d, J = 9.20 Hz, 2H), 6.07 (dd, J = 9.25, 2.59 Hz, 2H), 5.34-5.33 (m, 2H, 
partially overlapped with the solvent peak), 4.10-3.53 (m, 32H), 3.48-3.34 (m, 4H), 2.80 
(d,  J = 14.63 Hz, 2H), 2.09-1.94 (m, 4H), 1.51-1.10 (m, 102H). HRMS: calcd. for 
C144H188O10Na (MNa
+): 2101.4128, found 2101.4096. 
 
trans: 
1H NMR (500 MHz, CD2Cl2) δ ppm 8.16 (d, J = 8.79 Hz, 2H), 7.61 (d, J = 8.10 Hz, 
2H), 7.31 (d, J = 8.22 Hz, 2H), 7.25 (d, J = 8.67 Hz, 12H), 7.21 (s, 2H), 7.22-7.11 (m, 
18H), 6.76 (d, J = 9.00 Hz, 4H), 5.34-5.33 (m, 2H, partially overlapped with the solvent 
peak), 4.27-4.24 (m, 4H), 4.07-4.03 (m, 4H), 3.93-3.89 (m, 4H), 3.81-3.77 (m, 4H), 3.74-
3.71 (m, 4H), 3.70-3.63 (m, 12H), 2.85-2.69 (m, 4H), 2.47 (d, J = 14.14 Hz, 2H), 1.95-
1.89 (m, 4H), 1.46-0.93 (m, 102H). 
 
 
 
O O
 
7,7'-Dimethoxy-2,2'-[nonacos-14-enyl-looped] motor (7.2): motor trans  7.25 (30 mg, 
0.037 mmol) was dissolved in dry DCM (100 ml). Separately, 1
st generation Grubbs 
catalyst (2 mg, 5 mol%) was dissolved in dry DCM (3 ml). Both solutions were degassed 
by freeze-pump-thaw technique for three times. Subsequently, they were mixed together 
and stirred at room temperature for 3 d. Methanol (1 ml) was added, and the volatiles were 
eliminated under reduced pressure. Flash column chromatography on silica gel was 
performed to purify the residue; significant separation was achieved loading the silica wih 
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5% silver nitrate.
22 The eluent was heptane with a 1-2% ethyl acetate gradient. The purest 
fractions gave product 7.2 as a yellow powder (13 mg, 0.017 mmol, 34%). 
 
trans: 
1H NMR (400 MHz, CDCl3) δ ppm 8.17 (d, J = 8.98 Hz, 2H), 7.64 (d, J = 8.11 Hz, 
2H), 7.33 (d, J = 8.08 Hz, 2H), 7.20 (d, J = 2.34 Hz, 2H), 7.17 (dd, J = 8.99, 2.01 Hz, 2H), 
5.38-5.33 (m, 2H), 3.96 (s, 6H), 2.90-2.75 (m, 4H), 2.47 (d, J = 14.58 Hz, 2H), 2.10-1.84 
(m, 6H), 1.48-0.97 (m, 46H). 
13C NMR (101 MHz, CDCl3) δ ppm 156.6 (2C), 140.7 (2C), 
139.8 (2C), 139.5 (2C), 134.1 (2C), 130.2 (2C), 127.8 (2C), 126.5 (2C), 125.4 (2C), 124.6 
(2C), 117.9 (2C), 106.2 (2C), 55.2 (2C), 48.3 (2C), 37.5 (2C), 34.2 (2C), 32.5 (2C), 29.9-
29.0 (16C), 28.9 (2C), 28.5 (2C), 28.4 (2C). 
1H NMR (500 MHz, CD2Cl2) δ ppm 8.08 (d, J = 9.02 Hz, 2H), 7.63 (d, J = 8.15 Hz, 2H), 
7.33 (d, J = 8.11 Hz, 2H), 7.18 (d, J = 2.37 Hz, 2H), 7.12 (dd, J = 9.02, 2.38 Hz, 2H), 
5.34-5.33 (m, 2H, partially overlapped with the solvent peak), 3.90 (s, 6H), 2.75 (dd, J = 
14.57, 4.91 Hz, 2H), 2.69 (dd, J = 10.52, 5.17 Hz, 2H), 2.46 (d, J = 14.67 Hz, 2H), 1.95-
1.80 (m, 4H), 1.43-1.01 (m, 100H). HRMS: calcd. for C56H76O2Na (MNa
+): 803.5737, 
found 803.5720. 
 
cis:
 1H NMR (500 MHz, CD2Cl2) δ ppm 7.59 (d, J = 8.15 Hz, 2H), 7.44 (d, J = 8.18 Hz, 
2H), 7.00 (d, J = 2.62 Hz, 2H), 6.51 (d, J = 9.20 Hz, 2H), 6.05 (dd, J = 9.22, 2.66 Hz, 2H), 
5.34-5.33 (m, 2H, partially overlapped with the solvent peak), 3.72 (s, 6H), 3.48-3.34 (m, 
4H), 2.81 (d, J = 14.57 Hz, 2H), 2.09-1.93 (m, 4H), 1.42-1.20 (m, 48H).  
 
 
 
 
2-(pentadec-14-enyl)-7-(2-(2-(2-(2-(4-(tris(4-tert-
butylphenyl)methyl)phenoxy)ethoxy)ethoxy)ethoxy)ethoxy)-2,3-dihydro-1H-
cyclopenta[a]naphthalen-1-one (7.3): thread 7.4 (952 mg, 1.14 mmol), ketone 7.28 (423 
mg, 1.04 mmol) and K2CO3 (216 mg,1.56 mmol) were poured into dry DMF (10 ml). The 
mixture was heated at 100ºC and stirred 4 h. Next, after cooling at room temperature, water 
(15 ml) was added, and the product was extracted with ethyl acetate (3 × 25 ml). The 
combined organic layers were dried with MgSO4, filtered, and the solvent was removed 
under vacuo. Flash column chromatography on silica gel using toluene with a 1 to 10% 
ethyl acetate gradient (Rf = 0.40 in toluene/ethyl acetate 90:10) gave product 7.3 as a 
yellow oil (1.11 g, 1.04 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ ppm 9.08 (d, J = 9.13 Hz, 1H), 7.88 (d, J = 8.38 Hz, 1H), 
7.43 (d, J = 8.43 Hz, 1H), 7.35 (dd, J = 9.09, 2.54 Hz, 1H), 7.24 (d, J = 8.57 Hz, 6H), 7.20 
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(d, J = 2.09 Hz, 1H), 7.12-7.07 (m, 8H), 6.78 (d, J = 8.93 Hz, 2H), 5.83 (tdd, J = 16.92, 
10.13, 6.68 Hz, 1H), 5.04-4.97 (m, 1H), 4.96-4.91 (m, 1H), 4.29-4.21 (m, 2H), 4.12-4.07 
(m, 2H), 3.95-3.90 (m, 2H), 3.87-3.82 (m, 2H), 3.80-3.75 (m, 2H), 3.75-3.68 (m, 6H), 3.35 
(dd, J = 17.40, 7.42 Hz, 1H), 2.86 (dd, J = 17.39, 3.07 Hz, 1H), 2.78-2.69 (m, 1H), 2.10-
1.97 (m, 3H), 1.57-1.08 (m, 23H), 1.31 (s, 27H). 
13C NMR (101 MHz, CDCl3) δ ppm 
209.6, 157.0, 156.4, 154.4, 148.1, 144.0, 139.6, 139.1, 134.4, 133.9, 132.1, 130.6, 128.1, 
125.4, 124.6, 124.4, 124.3, 123.9, 120.9, 114.0, 112.9, 107.6, 70.8, 70.7, 70.6, 69.6, 69.6, 
67.3, 67.1, 62.9, 47.8, 34.2, 33.7, 32.9, 31.7, 31.3, 29.7-29.4 (8C), 29.0, 28.8, 27.4. HRMS: 
calcd. for C73H96O6: 1068.7207, found 1068.7202. 
 
 
 
  
2-(2-(2-(2-(4-(tris(4-tert-butylphenyl)methyl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (7.4): this compound was prepared according to a literature 
procedure.
20 A solution of tosyl chloride (1.67 g, 8.7 mmol) in freshly distilled 
dichloromethane (10 ml) was added to a stirred ice-cooled solution of 7.27 (2.4 g, 3.5 
mmol), DMAP (13 mg, 0.11 mmol) and triethylamine (3.4 ml, 17.5 mmol) in 
dichloromethane (35 ml) under nitrogen atmosphere, over a period of 30 min. The mixture 
was stirred for 12 h at room temperature, then washed with 2 M aq. HCl (3 × 20 ml) and 
brine (1 × 15 ml). Subsequently, the organic phase was dried over MgSO4, filtered, and the 
solvent was eliminated under reduced pressure. The residue was purified by flash column 
chromatography over silica gel using a 10-100% gradient of toluene in heptane followed 
by a toluene/ethyl acetate 1:1 mixture (Rf = 0.36 in toluene/ethyl acetate 80:20; Rf = 0 in 
neat toluene) to give 7.4 as a white solid (2.1 g, 2.5 mmol, 73%).  
m.p. = 167.2-168.0ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.80 (d, J = 8.25 Hz, 2H), 7.32 
(d, J = 8.52 Hz, 2H), 7.23 (d, J = 8.45 Hz, 6H), 7.11-7.06 (m, 8H), 6.77 (d, J = 8.78 Hz, 
2H), 4.19-4.13 (m, 2H), 4.12-4.07 (m, 2H), 3.88-3.81 (m, 2H), 3.73-3.63 (m, 6H), 3.59 (s, 
4H), 2.42 (s, 3H), 1.31 (s, 27H). 
13C NMR (101 MHz, CDCl3) δ ppm 156.4, 148.2, 144.7, 
144.0, 139.6, 132.9, 132.1, 130.6, 129.7, 127.9, 123.9, 112.9, 70.7, 70.6, 70.5, 69.7, 69.1, 
68.6, 67.1, 62.9, 34.2, 31.3, 21.5. 
 
 
 
  377Chapter 7 
 
7-Methoxy-2-(pentadec-14-enyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one 
(7.5): this procedure was adapted from a literature report.
27 Acid 7.24 (1.20 g, 2.74 mmol) 
was dissolved in freshly distilled DCM (50 ml) together with scandium triflate (54 mg, 
0.11 mmol). Trifluoroacetic anhydride (572 μl, 4.11 mmol) was added dropwise at 0ºC 
under a nitrogen atmosphere. Stirring was continued at room temperature for 3.5 h. Water 
(30 ml) was added and the phases were separated. The aqueous layer was extracted with 
ethylacetate (2 × 30 ml); all the organic layers were combined, dried over MgSO4, filtered, 
and the solvent was eliminated with rotary evaporation. A short path of silica gel gel was 
performed eluting with heptane/ethyl acetate 80:20 (Rf = 0.63), which gave product 7.5 as 
a pale yellow oil (0.99 g, 2.36 mmol, 86%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.07 (d, J = 9.13 Hz, 1H), 7.92 (d, J = 8.40 Hz, 1H), 
7.45 (d, J = 8.35 Hz, 1H), 7.31 (ddd, J = 9.10, 2.59, 0.81 Hz, 1H), 7.19 (d, J = 2.46 Hz, 
1H), 5.82 (tdd, J = 16.92, 10.10, 6.70 Hz, 1H), 5.03-4.96 (m, 1H), 4.95-4.90 (m, 1H), 3.92 
(s, 3H), 3.35 (dd, J = 17.42, 7.38 Hz, 1H), 2.86 (dd, J = 17.38, 3.21 Hz, 1H), 2.76-2.68 (m, 
1H), 2.11-1.95 (m, 3H), 1.61-1.02 (m, 23H). 
13C NMR (101 MHz, CDCl3) δ ppm 209.6, 
157.8, 154.3, 139.1, 134.4, 130.6, 125.4, 124.4, 120.6, 114.0, 106.7, 55.1, 47.9, 33.7, 33.0, 
31.7, 29.8-29.4 (8C), 29.1, 28.9, 27.4. HRMS: calcd. for C29H40O2: 420.3028, found 
420.3035. 
 
 
 
OH
 
4-(Tris(4-tert-butylphenyl)methyl)phenol (7.6): the preparation of this compound was 
based on a literature procedure.
28 A mixture of tris(4-tert-butylphenyl)methanol 7.8 (1 g, 
2.3 mmol) and acetyl chloride (5 ml, excess) was heated at reflux for 30 min with stirring. 
The volatiles were eliminated under reduced pressure. Phenol (2.4 g, 25.7 mmol) was 
added, and the mixture was heated at 100ºC for 1 d with stirring. Subsequently, the mixture 
was cooled at room temperature, ethyl acetate (25 ml) was added, and the solution was 
washed 3 times with 15 ml of aq. NaOH 3 M, then 2 times with 15 ml of aq. 2 M HCl. The 
volatiles were eliminated with rotary evaporation. The solid residue was purified with flash 
column chromatography on silica gel using as eluent a 50 to 100% gradient of toluene in 
heptane (Rf = 0.40 in neat toluene). The product was isolated as white solid (808 mg, 1.6 
mmol, 70%). The product was recrystallized from toluene/heptane. 
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1H NMR (400 MHz, CDCl3) δ ppm 7.23 (d, J = 8.24 Hz, 6H), 7.08 (d, J = 8.20 Hz, 6H), 
7.05 (d, J = 8.69 Hz, 2H), 6.70 (d, J = 8.25 Hz, 2H), 1.30 (s, 27H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 153.2, 148.3, 144.0, 139.8, 132.4, 130.7, 124.0, 113.9, 63.0, 34.2, 31.3. MS 
(m/z): calcd. for C37H44O: 504, found 504. 
 
 
 
O
O
O
 
Methyl 2-((6-methoxynaphthalen-2-yl)methyl)heptadec-16-enoate (7.7): 
diisopropylamine (DIPA) (14 μl, 1.1 mmol) was dissolved in freshly distilled THF (10 ml) 
at -70ºC. n-Butyl lithium (0.68 ml of a 1.6 M solution, 1.06 mmol) was added dropwise via 
a cannula. After a period of 20 min stirring under a nitrogen atmosphere at 0ºC, the 
solution was cooled down to -50ºC and a solution of heptadec-16-enyl methyl ester 7.10 
(200 mg, 0.71 mmol) in freshly distilled THF (0.5 ml), was added dropwise. The mixture 
was allowed to warm to -20ºC. After 2 h stirring under a nitrogen atmosphere, a solution of 
2-(bromomethyl)naphthalene (213 mg, 0.85 mmol) and NaI (106 mg, 0.71 mmol) in 
freshly distilled THF (5 ml) was added slowly at -80ºC. The mixture was allowed to warm 
up to room temperature overnight. Subsequently, the reaction was quenched with sat. aq. 
NH4Cl (2 ml), the volatiles were eliminated under rotary evaporation, and the product was 
extracted with ethyl acetate ( 3 × 12 ml). The organic layers were collected, dried with 
MgSO4 and filtered. Further purification was achieved by flash column chromatography on 
silica gel using heptane with a 0 to 10% ethyl acetate gradient as eluent (Rf = 0.50 in 
heptane/ethyl acetate 90:10), which gave the product as a yellow oil (95 mg, 0.21 mmol, 
30%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.67 (dd, J = 8.52, 5.03 Hz, 2H), 7.53 (s, 1H), 7.28-
7.23 (m, 1H), 7.15-7.09 (m, 2H), 5.82 (tdd, J = 16.94, 10.15, 6.68 Hz, 1H), 5.04-4.96 (m, 
1H), 4.96-4.91 (m, 1H), 3.91 (s, 3H), 3.58 (s, 3H), 3.06 (dd, J = 13.65, 8.41 Hz, 1H), 2.87 
(dd, J = 13.68, 6.51 Hz, 1H), 2.78-2.70 (m, 1H), 2.05 (dd, J = 13.99, 7.24 Hz, 2H), 1.75-
1.60 (m, 2H), 1.57-1.47 (m, 2H), 1.43-1.10 (m, 20H). 
13C NMR (101 MHz, CDCl3) δ ppm 
176.2, 157.2, 139.2, 134.6, 133.1, 128.9, 127.8, 127.0, 126.7, 118.6, 114.0, 105.5, 55.2, 
51.3, 47.7, 38.5, 33.8, 32.1, 29.6- 29.4 (9C), 29.1, 28.9, 27.3. HRMS: calcd. for C30H44O3: 
452.3291, found 452.3303. 
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Tris(4-tert-butylphenyl)methanol (7.8): a solution of 1-bromo-4-tert-butylbenzene (6 g, 
28.1 mmol) in freshly distilled THF (120 ml) was cooled at -80ºC. n-Butyl lithium (18.4 ml 
of a 1.6 M solution in hexane, 29.5 mmol) was added dropwise, and the solution was 
stirred for 1 h. Diethylcarbonate (1.1 ml, 9.4 mmol) in dry THF (15 ml) was added 
dropwise, causing the color to change from colorless to light blue. The mixture was 
allowed to warm to room temperature over night, after which the color turned pale yellow. 
The reaction was quenched with sat. NH4Cl aq. solution. The volatiles were reduced under 
vacuo. Subsequently, the product was extracted with ethyl acetate (2×150 ml), the 
collected organic layers were dried with MgSO4 and filtered. Elimination of the solvent 
under vacuum gave the product as white solid (3.99 g, 9.3 mmol, quant.). 
m.p. = 212.2-212.9ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.39-7.35 (m, 6H), 7.28-7.24 
(m, 6H), 1.38 (s, 27H). 
13C NMR (101 MHz, CDCl3) δ ppm 149.6, 144.1, 127.5, 124.5, 
81.4, 34.3, 31.3. MS (m/z): calcd. for C31H40O: 428, found 428. 
 
 
 
 
Methyl heptadec-16-enoate (7.10): Method A: this reaction was partially adapted from a 
literature report.
29 11-Bromoundec-1-ene (3.0 ml, 13.8 mmol) was slowly added to a 
stirred mixture of magnesium (671 mg, 27.6 mmol) and iodine (1 crystal) in freshly 
distilled THF (70 ml) under a nitrogen atmosphere. The mixture was heated at reflux for 1 
h. After cooling at room temperature, it was added dropwise to a stirred ice-cooled mixture 
of ester 7.16 (2.88 g, 13.8 mmol), LiCl (209 mg) and CuCl2 (333 mg) in dry THF (20 ml). 
The temperature was allowed to warm to 20ºC overnight. Subsequently, 2 M aq. HCl (25 
ml) was added and stirring was continued for 30 min. The volatiles were eliminated under 
reduced pressure. Next, water (50 ml) was added, and the product was extracted with 
TBME (3 × 50 ml). The combined organic layers were dried over MgSO4, filtered, and the 
solvent was eliminated under rotary evaporation. Flash column chromatography on silica 
gel eluting with a 0 to 20% gradient of ethyl acetate in heptane (Rf = 0.17 in neat heptane) 
gave the product as a pale yellow oil (1.35 g 4.8 mmol, 35%). 
 
Method B: heptadec-16-enoic acid 7.18 (594 mg, 2.21 mmol) was dissolved in MeOH (30 
ml), and 5 drops of conc. H2SO4 were added. The solution was heated to reflux for 3 h with 
stirring. Subsequently, aq. sat. Na2CO3 (10 ml) was added, and the volatile was eliminated 
under reduced pressure. The product was extracted with ethylacetate (3 × 30 ml). The 
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combined organic layers were dried over MgSO4, filtered, and the solvent was eliminated 
under rotary evaporation. A short path of silica gel eluting with heptane/ethyl acetate 80:20 
gave the product as a pale yellow oil (607 mg, 2.15 mmol, 97%). 
 
1H NMR (400 MHz, CDCl3) δ ppm 5.72 (tdd, J = 16.98, 10.18, 6.69 Hz, 1H), 4.94-4.88 
(m, 1H), 4.87-4.82 (m, 1H), 3.58 (s, 3H), 2.22 (t, J = 7.54 Hz, 2H), 1.97 (dd, J = 14.35, 
6.81 Hz, 2H), 1.64-1.47 (m, 2H), 1.37-1.10 (m, 22H). 
13C NMR (101 MHz, CDCl3) δ ppm 
173.8, 138.8, 113.8, 51.0, 33.8, 33.7, 28.7-29.7 (11C), 24.8. HRMS: calcd. for C18H34O2: 
282.2559, found 282.2569. 
 
 
 
 
2-(Bromomethyl)-6-methoxynaphthalene (7.9): alcohol 7.14 (7.49 g, 39.8 mmol) was 
dissolved in freshly distilled diethylether (400 ml) and cooled at 0ºC under a nitrogen 
atmosphere. Tribromophosphine (4.49 ml, 47.7 mmol) was added dropwise. Stirred was 
continued at 0ºC for 5 min, and at room temperature for 30 min. Next, the reaction was 
quenched with sat. aq. NH4Cl (30 ml). Water (100 ml) was added; the organic layer was 
separated, and the water layer was extracted with diethylether (2 × 100 ml). The combined 
organic layers were dried over MgSO4, filtered, and the solvent was eliminated with rotary 
evaporation. A short path of silica gel eluting with a heptane/ethyl acetate 70:30 solution 
(Rf = 0.58 in heptane/ethyl acetate 90:10, and 0.70 in heptane/ethyl acetate 70:30) was 
performed to eliminate residual water. Evaporation under reduced pressure of the solvent 
gave the title compound as a white solid (9.59 g, 38.2 mmol, 96%). For further 
purification, the product was recrystallized from ethyl acetate/pentane. 
m.p. = 87.6-88.1ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.78-7.68 (m, 3H), 7.48 (dd, J = 
8.47, 1.74 Hz, 1H), 7.18 (dd, J = 8.87, 2.57 Hz, 1H), 7.13 (d, J = 2.50 Hz, 1H), 4.67 (s, 
2H), 3.92 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ ppm 158.1, 134.2, 132.6, 129.3, 128.4, 
127.5, 127.4, 127.2, 119.1, 105.7, 55.2, 34.4. HRMS: calcd. for C12H11
79BrO: 249.9992, 
found 249.9985. Elem. anal. (%): calcd. for C12H11BrO: C, 57.40; H, 4.42; found C, 57.51; 
H, 4.43. 
 
 
 
 
6-Methoxy-2-naphthaldehyde (7.13): this compound was prepared according to a 
literature procedure.
30 To a solution of 2-bromo-6-methoxynaphthalene (10 g, 43 mmol) in 
dry diethylether (500 ml) at -78ºC under a nitrogen atmosphere, n-butyllithium (32.6 ml of 
a 1.6 M solution in hexane, 52 mmol) was added. After 5 min the bath was removed, and 
stirring was continued for 1 h. The solution was again cooled to -78ºC, and dry 
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dimethylformamide (20 ml) was added. The mixture was allowed to slowly warm to room 
temperature over night while stirring. Subsequently, water (200 ml) was added, the two 
phases were separated, and the organic layer was extracted with diethylether (2 × 200 ml). 
The combined organic layers were dried over MgSO4 and filtered. Elimination of the 
solvent under reduced pressure gave the title product as a white solid (8.08 g, 43.4 mmol, 
.2, 122.9, 119.4, 105.6, 54.9. HRMS: calcd. for C12H10O2: 186.0681, found 
86.0675. 
 
99%).  
m.p. = 81.0-81.6ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 9.92 (s, 1H), 8.00 (s, 1H), 7.77 (d, 
J = 8.33 Hz, 1H), 7.66 (d, J = 8.88 Hz, 1H), 7.08 (d, J = 8.89 Hz, 1H), 6.99 (s, 1H), 3.78 
(s, 3H). 
13C NMR (101 MHz, CDCl3) δ ppm 191.4, 159.7, 137.7, 133.7, 131.8, 130.6, 
127.4, 127
1
 
 
O
OH
 
(6-Methoxynaphthalen-2-yl)methanol (7.14): aldehyde 7.13 (8.23 g, 44.2 mmol) was 
dissolved in freshly distilled diethylether (160 ml) and the solution cooled at 0ºC under a 
nitrogen atmosphere. LiAlH4 (0.90 g, 23.5 mmol) was added portionwise with stirring. 
Stirring was continued at room temperature for a period of 4 h. Subsequently, the reaction 
was quenched with sat. aq. NH4Cl (20 ml). Water (80 ml) was added; the organic layer was 
separates, and the water layer was extracted with diethylether (2 × 80 ml). The combined 
organic layers were dried over MgSO4 and filtered. Elimination of the solvent under 
8, 125.5, 118.9, 105.6, 65.4, 55.2. HRMS: calcd. for C12H10O2: 188.0837, found 
88.0847. 
 
reduced pressure gave the title product as a white solid (7.45 g, 39.8 mmol, 90 %). 
m.p. = 148.7-149.2ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.75-7.69 (m, 3H), 7.44 (dd, J = 
8.43, 1.75 Hz, 1H), 7.18-7.12 (m, 2H), 4.80 (d, J = 5.48 Hz, 2H), 3.92 (s, 3H), 1.95 (t, J = 
5.79 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ ppm 157.6, 136.0, 134.0, 129.3, 128.7, 
127.1, 125.
1
 
 
 
Methyl 6-bromohexanoate (7.16): 6-bromohexanoic acid (9.4 g, 48 mmol) was dissolved 
in methanol (60 ml), and 4 droplets of H2SO4 were added. The solution was heated at 
reflux with stirring for 4 h, and cooled at room temperature. Subsequently, 4 ml of sat. aq. 
Na2CO3 were added, the volatiles were eliminated under rotary evaporation, and the 
product was extracted with ethyl acetate (3 × 30 ml). The combined organic layers were 
dried over MgSO4, filtered, and the solvent was eliminated under rotary evaporation. A 
short path of silica gel eluting with heptane/ethyl acetate 1:1 gave the product as a very 
pale yellow oil (8.4 g, 40 mmol, 83%). 
  382Intramolecular rotaxane formation using a rotary molecular motor: a molecular reel 
1H NMR (400 MHz, CDCl3) δ ppm 3.54 (s, 3H), 3.29 (t, J = 6.77 Hz, 2H), 2.21 (t, J = 
7.42 Hz, 2H), 1.81-1.71 (m, 1H), 1.58-1.49 (m, 2H), 1.41-1.30 (m, 2H). 
13C NMR (101 
MHz, CDCl3) δ ppm 51.1, 33.4, 33.1, 32.0, 27.3, 23.7. HRMS: calcd. for C7H13
79BrO2: 
208.0099, found 208.0084. 
 
 
 
 
16-Bromohexadec-1-ene (7.17): LiCl (209 mg) and CuCl2 (33.3 mg) were dissolved in 
freshly distilled THF (20 ml) and stirred overnight at room temperature under a nitrogen 
atmosphere. Next, 1,12-dibromododecane (4.00 g, 12.3 mmol) was added in one portion. 
In a separate flask, 4-bromobut-1-ene (2.00 g, 14.8 mmol) was added dropwise to a 
suspension of magnesium (719 mg, 29.6 mmol) and iodine (catalytic) in dry THF (10 ml). 
After heating at reflux for 1 h with stirring under a nitrogen atmosphere, the mixture was 
added dropwise to the cuprate solution at 0ºC. Stirring was continued for 1 h. 
Subsequently, aq. HCl 1 M was added (10 ml), and stirring was continued for 1 h. The 
solvents were removed under reduced pressure. Water (30 ml) was added and the product 
was extracted with TBME (3 × 25 ml). Subsequently, the combined organic phases were 
dried over MgSO4, filtered, and the solvent was eliminated under reduced pressure. The 
residue was purified by flash column chromatography over silica gel eluting with heptane, 
to give the title product as a colorless oil (1.8 g, 6.1 mmol, 50%). 
1H NMR (400 MHz, CDCl3) δ ppm 5.81 (tdd, J = 16.9, 10.2, 6.6 Hz, 1H), 5.02-4.95 (m, 
1H), 4.95-4.89 (m, 1H), 3.40 (t, J = 6.9 Hz, 2H), 2.08-1.99 (m, 2H), 1.90-1.80 (m, 2H), 
1.49-1.16 (m, 22H). 
13C NMR (101 MHz, CDCl3) δ ppm 139.1, 114.0, 33.8, 33.8, 32.8, 
29.6 (2C), 29.6 (2C), 29.5, 29.5, 29.4, 29.1, 28.9, 28.7, 28.1. HRMS: calcd. for C16H31Br: 
302.1609, found 302.1607. 
 
 
 
 
Heptadec-16-enoic acid (7.18): 16-bromohexadec-1-ene 7.17 (0.925 g, 3.05 mmol) was 
added, together with a catalytic amount of iodine, to a suspension of magnesium (148 mg, 
6.1 mmol) in freshly distilled THF (20 ml). The mixture was heated at reflux and stirred 
for 45 min under a nitrogen atmosphere. Subsequently, the mixture was cooled to 0ºC and 
dry ice (excess) was added in pieces. The stirring was continued overnight, when the 
mixture was slowly allowed to warm to room temperature. Next, aq. HCl 1 M (10 ml) was 
added. After stirring 30 min, the solvent was eliminated under reduced pressure, the 
product was extracted with TBME (3 × 25 ml). Subsequently, the combined organic phases 
were dried over MgSO4, filtered, and the solvent was eliminated under reduced pressure. 
The residue was purified by flash column chromatography over silica gel eluting first with 
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heptane, then with heptane/ethylacetate 1:1 (Rf = 0.28 in heptane/ethylacetate 80:20) to 
give the title product as a white solid (594 mg, 2.2 mmol, 72%). 
1H NMR (400 MHz, CDCl3) δ ppm 5.81 (tdd, J = 17.0, 10.2, 6.7 Hz, 1H), 5.03-4.95 (m, 
1H), 4.94-4.90 (m, 1H), 2.34 (t, J = 7.5 Hz, 2H), 2.07-2.00 (m, 2H), 1.68-1.56 (m, 2H), 
1.43-1.16 (m, 22H).
 13C NMR (101 MHz, CDCl3) δ ppm 180.6, 139.1, 114.0, 34.1, 33.8, 
29.7 (2C), 29.6 (2C), 29.6, 29.5, 29.4, 29.2, 29.1, 29.0, 28.9, 24.6. HRMS: calcd. for 
C17H32O2: 268.2402, found 268.2390. 
 
 
 
 
Ethyl 2-((6-methoxynaphthalen-2-yl)methyl)heptadec-16-enoate (7.19):  
Method A: this reaction was based on a literature procedure reported by Krapcho et al.
31 
Malonate 7.23 (2.79 g, 5.18 mmol), LiCl (439 mg, 10.36 mmol) and water (93 μl, 5.18 
mmol) were dissolved in dry DMSO (50 ml). The mixture was stirred at 175ºC for 1.5 d. 
Subsequently, the mixture was allowed to cool to room temperature, and water (2 ml) was 
added. The solvents were eliminated by distillation (3 torr, 80ºC). The residue was 
dissolved in ethyl acetate (25 ml); water (20 ml) was added, and the two phases were 
separated. The water phase was extracted with ethyl acetate (2 × 25 ml). The organic layers 
were combined, dried over MgSO4, filtered, and the solvent was eliminated with rotary 
evaporation. Flash column chromatography on silica gel eluting with a 2-10% gradient of 
ethyl acetate in heptane (Rf = 0.42 in heptane/ethyl acetate 90:10) gave the product as a 
yellow oil (1.37 g, 2.94 mmol, 57%).  
 
Method B: diisopropylamine (DIPA) (574 μl, 4.37 mmol) was dissolved in freshly distilled 
THF (30 ml) at -70ºC. n-Butyl lithium (2.73 ml of a 1.6 M solution, 4.37 mmol) was added 
dropwise via a cannula. After a period of 20 min stirring under a nitrogen atmosphere at 
0ºC, the solution was cooled down to -60ºC and a solution of 3-(6-methoxynaphthalen-2-
yl)propyl ethyl ester 7.20 (941 mg, 3.64 mmol) in freshly distilled THF (5 ml) was added 
dropwise. The mixture was allowed to warm to -20ºC, and after 1 h it was added via 
cannula to neat 15-bromopentadec-1-ene 7.21 (1.37 g, 4.74 mmol) at room temperature 
under a nitrogen atmosphere. The mixture was stirred overnight. Subsequently, the reaction 
was quenched with sat. aq. NH4Cl (5 ml), the volatiles were eliminated under rotary 
evaporation, and the product was extracted with ethyl acetate (3 × 25 ml). The organic 
layers were collected, dried with MgSO4 and filtered. Further purification was achieved by 
flash column chromatography on silica gel using heptane with a 2 to 20% ethyl acetate 
gradient as eluent (Rf = 0.42 in heptane/ethyl acetate 90:10), which gave the product as a 
yellow oil (112 mg, 0.24 mmol, 6.6%). 
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1H NMR (400 MHz, CDCl3) δ ppm 7.67 (dd, J = 8.57, 3.35 Hz, 2H), 7.54 (s, 1H), 7.28 
(dd, J = 8.44, 1.70 Hz, 1H), 7.15-7.10 (m, 2H), 5.83 (tdd, J = 16.92, 10.16, 6.67 Hz, 1H), 
5.04-4.98 (m, 1H), 4.97-4.92 (m, 1H), 4.06 (dq, J = 7.10, 3.10 Hz, 2H), 3.91 (s, 3H), 3.07 
(dd, J = 13.66, 8.52 Hz, 1H), 2.88 (dd, J = 13.63, 6.51 Hz, 1H), 2.73 (ddt, J = 8.75, 6.53, 
5.08 Hz, 1H), 2.05 (dd, J = 14.47, 6.78 Hz, 2H), 1.75-1.62 (m, 1H), 1.59-1.47 (m, 1H), 
1.44-1.17 (m, 22H), 1.12 (t, J = 7.13 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ ppm 175.7, 
157.1, 139.1, 134.6, 133.1, 128.9, 127.8, 127.0, 126.6, 118.6, 114.0, 105.4, 60.0, 55.1, 
47.6, 38.5, 33.7, 32.1, 29.7-29.3 (9C), 29.1, 28.9, 27.3, 14.1. HRMS: calcd. for C31H46O3: 
466.3447, found 466.3428. 
 
 
 
 
Ethyl 3-(6-methoxynaphthalen-2-yl)propanoate (7.20): this reaction was based on a 
literature procedure reported by Krapcho et al.
31 Malonate 7.22 (2.34 g, 7.09 mmol), LiCl 
(601 mg, 14.19 mmol) and water (128 μl, 7.09 mmol) were dissolved in dry DMSO (25 
ml). The mixture was stirred at 175ºC for 5 h. Subsequently, the mixture was allowed to 
cool to room temperature, and water (2 ml) was added. The solvents were eliminated by 
distillation (3 torr, 80ºC). The residue was dissolved in ethyl acetate (20 ml); water (10 ml) 
was added and the two phases were separated. The water phase was extracted with ethyl 
acetate (2 × 20 ml). The organic layers were combined, dried over MgSO4, filtered, and the 
solvent was eliminated with rotary evaporation. Flash column chromatography on silica gel 
eluting with a 5-10% gradient of ethyl acetate in heptane (Rf = 0.52 in heptane/ethyl 
acetate 80:20) gave the product as a pale yellow oil (903 mg, 3.50 mmol, 49%).  
1H NMR (400 MHz, CDCl3) δ ppm 7.70 (d, J = 8.56 Hz, 2H), 7.60 (s, 1H), 7.33 (dd, J = 
8.37, 1.74 Hz, 1H), 7.18 (dd, J = 8.82, 2.59 Hz, 1H), 7.13 (d, J = 2.48 Hz, 1H), 4.17 (q, J 
= 7.14 Hz, 2H), 3.90 (s, 3H), 3.12 (t, J = 7.77 Hz, 2H), 2.75-2.70 (m, 2H), 1.26 (t, J = 
7.14, 7.14 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ ppm 172.6, 157.1, 135.5, 132.9, 128.8, 
128.7, 127.2, 126.7, 126.1, 118.5, 105.3, 60.1, 54.9, 35.7, 30.7, 14.0. 
HRMS: calcd. for C16H18O3: 258.1256, found 258.1251. 
 
 
 
 
15-Bromopentadec-1-ene (7.21): this compound was prepared according to a literature 
procedure.
29 A solution of LiCl (336 mg, 7.9 mmol) and CuCl2 (53 mg, 4 mmol) in freshly 
distilled THF (30 ml) was stirred over night at room temperature under a nitrogen 
atmosphere, and 1,12-dibromododecane (6.5 g, 20 mmol) was added in one portion. 
Subsequently, the mixture was cooled at 0ºC, and allyl magnesium chloride (15 ml of a 2 
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M solution in THF, 30 mmol) was added over a period of 30 min while stirring. Stirring 
was continued at this temperature for 1 h. Next, 1 M aq. HCl (50 ml) was added, and the 
mixture was stirred for 30 min at room temperature. The volatiles were eliminated by 
rotary evaporation, and the residue was extracted with TBME (3 × 40 ml). The organic 
layers were combined, dried over MgSO4, filtered, and the solvent was eliminated using 
rotary evaporation. Flash column chromatography on silica gel using heptane as eluent (Rf 
= 0.75 in heptane) was repeated several time, to provide the title product as a colorless oil 
(2.31 g, 8.0 mmol, 40%).  
1H NMR (400 MHz, CDCl3) δ ppm 5.81 (tdd, J = 16.93, 10.17, 6.67 Hz, 1H), 5.02-4.95 
(m, 1H), 4.94-4.90 (m, 1H), 3.40 (t, J = 6.88 Hz, 2H), 2.04 (dd, J = 14.47, 6.77 Hz, 2H), 
1.90-1.80 (m, 2H), 1.46-1.19 (m, 20H). 
13C NMR (101 MHz, CDCl3) δ ppm 139.1, 114.0, 
33.9, 33.7, 32.8, 29.8-29.3 (6C), 29.1, 28.9, 28.7, 28.1. HRMS: calcd. for C15H29
79Br: 
290.1432, found 290.1446. 
 
 
 
 
Octadeca-1,17-diene: this compound was isolated as a side product from the reaction to 
obtain 15-bromopentadec-1-ene 7.21. The data are in agreement with thore previously 
reported in the literature.
29 
1H NMR (400 MHz, CDCl3) δ ppm 5.82 (tdd, J = 16.98, 10.17, 6.67 Hz, 2H), 5.04-4.96 
(m, 2H), 4.95-4.91 (m, 2H), 2.08-2.00 (m, 4H), 1.44-1.18 (m, 24H). 
13C NMR (101 MHz, 
CDCl3) δ ppm 139.2 (2C), 114.0 (2C), 33.8 (2C), 29.8-29.5 (6C), 29.5 (2C), 29.1 (2C), 
28.9 (2C). MS (m/z): calcd. for C18H34: 250, found 250. 
 
 
 
 
Diethyl 2-((6-methoxynaphthalen-2-yl)methyl)malonate (7.22): a solution of 2-
(bromomethyl)-6-methoxynaphthalene 7.9 (2.00 g, 8.0 mmol), diethylmalonate (6.1 ml, 40 
mmol) and K2CO3 (1.33 g, 9.6 mmol) in acetone (40 ml) was heated at reflux while stirring 
over night. Subsequently, the volatiles were eliminated under reduced pressure. Water (25 
ml) was added, and the product was extracted with dichlorometane (2 × 50 ml). The 
organic layers were combined, dried over MgSO4, filtered, and the solvent was eliminated 
using rotary evaporation. Distillation (4 torr, 80ºC) was perfomed to eliminate the residual 
malonate. Flash column chromatography on silica gel eluting with a 2 to 20% gradient of 
ethyl acetate in heptane (Rf = 0.40 in heptane/ethyl acetate 80:20) gave the product as a 
yellow oil (2.38 g, 7.2 mmol, 90%). 
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1H NMR (400 MHz, CDCl3) δ ppm 7.67 (d, J = 8.59 Hz, 2H), 7.61 (s, 1H), 7.32 (dd, J = 
8.39, 1.64 Hz, 1H), 7.14 (dd, J = 8.86, 2.53 Hz, 1H), 7.10 (d, J = 2.43 Hz, 1H), 4.24-4.10 
(m, 1H), 3.87 (s, 3H), 3.81-3.75 (m, 1H), 3.39 (d, J = 7.82 Hz, 2H), 1.20 (t, J = 7.13 Hz, 
6H). 
13C NMR (101 MHz, CDCl3) δ ppm 168.6 (2C), 157.2, 133.1, 132.7, 128.8, 127.3, 
127.0, 126.7, 118.6, 105.3, 61.2 (2C), 54.9, 54.9, 53.6, 34.4, 13.7 (2C). HRMS: calcd. for 
C19H22O5: 330.1467, found 330.1461. 
 
 
 
 
Diethyl 2-((6-methoxynaphthalen-2-yl)methyl)-2-(pentadec-14-enyl)malonate (7.23): 
diethyl 2-((6-methoxynaphthalen-2-yl)methyl)malonate 7.22 (2.13 g, 6.4 mmol) was 
diluted in freshly distilled THF (65 ml) and cooled to 0ºC in a nitrogen atmosphere. 
Sodium hydride (50% suspension in oil, 464 mg, 9.7 mmol) was added portionwise. After 
stirring at this temperature for 15 min, the mixture was heated to reflux, and stirring was 
continued for 1 d. Next, NaI (1.16 g, 7.7 mmol) and 15-bromopentadec-1-ene 7.21 (2.11 
ml, 7.74 mmol) were added after cooling at room temperature. Subsequently, the mixture 
was again heated at reflux and stirring was continued over night. After cooling at room 
temperature, the reaction was quenched with sat. aq. NH4Cl (15 ml), the volatiles were 
removed under reduced pressure, and the residual mixture was extracted with ethyl acetate 
(3 × 30 ml). The organic layers were combined, dried over MgSO4, filtered, and the solvent 
was eliminated with rotary evaporation. Flash column chromatography on silica gel eluting 
with heptane/ethyl acetate 95:5 (Rf = 0.37 in heptane/ethyl acetate 90:10) gave the product 
as a very pale yellow oil (2.79 g, 5.18 mmol, 80%).  
1H NMR (400 MHz, CDCl3) δ ppm 7.64 (dd, J = 8.59, 3.53 Hz, 2H), 7.49 (s, 1H), 7.18 
(dd, J = 8.42, 1.69 Hz, 1H), 7.13 (dd, J = 8.90, 2.51 Hz, 1H), 7.10 (d, J = 2.41 Hz, 1H), 
5.83 (tdd, J = 16.98, 10.13, 6.68, 6.68 Hz, 1H), 5.06-4.98 (m, 1H), 4.97-4.92 (m, 1H), 
4.28-4.13 (m, 4H), 3.89 (s, 3H), 3.40 (s, 2H), 2.06 (dd, J = 14.02, 7.20 Hz, 2H), 1.86-1.78 
(m, 2H), 1.42-1.24 (m, 22H), 1.25 (t, J = 7.13 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 
ppm 171.3 (2C), 157.3, 139.0, 133.3, 131.3, 128.9, 128.7, 128.4, 126.4, 118.7, 113.9, 
105.3, 61.0 (2C), 58.8, 55.1, 37.8, 33.7, 31.6, 29.7-29.4 (8C), 29.2, 29.0, 28.8, 23.9, 13.9 
(2C). HRMS: calcd. for C34H50O5: 538.3658, found 538.3635. 
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2-((6-Methoxynaphthalen-2-yl)methyl)heptadec-16-enoic acid (7.24): ethyl  ester  7.19 
(1.37 g, 2.94 mmol) was poured in THF (12 ml), and methanol (12 ml) and aq. NaOH (6 
ml of a 3 M solution) were added. Further THF and methanol were added until a 
homogeneous solution was obtained (ca. 5 ml each). Subsequently, the solution was heated 
at reflux and stirred over night. The volatiles were eliminated under rotary evaporation. Aq. 
HCl 2 M was added untill pH 2, and the mixture was extracted with ethyl acetate (3 × 25 
ml). The organic layers were combined, dried over MgSO4, filtered, and the solvent was 
eliminated with rotary evaporation. Further purification was achieved with flash column 
chromatography on silica gel eluting with a 10-50% gradient of ethyl acetate in heptane (Rf 
= 0.35 in heptane/ethyl acetate 80:20, and 0.69 in heptane/ethyl acetate 50:50), which gave 
the product as a yellow oil, which solidify after 1 d (1.28 g, 2.92 mmol, quant.). 
Recrystalization from heptane at 5ºC gave white  crystals. 
The same procedure has been followed starting from methyl ester 7.7. 
m.p. = 73.1-73.8ºC.  
1H NMR (400 MHz, CDCl3) δ ppm 7.68 (dd, J = 8.57, 5.73 Hz, 2H), 
7.58 (s, 1H), 7.30 (dd, J = 8.43, 1.67 Hz, 1H), 7.15 (dd, J = 8.86, 2.52 Hz, 1H), 7.12 (d, J 
= 2.42 Hz, 1H), 5.85 (tdd, J = 16.95, 10.17, 6.67 Hz, 1H), 5.06-4.99 (m, 1H), 4.99-4.94 
(m, 1H), 3.92 (s, 3H), 3.13 (dd, J = 13.72, 7.75 Hz, 1H), 2.89 (dd, J = 13.74, 6.93 Hz, 1H), 
2.81-2.73 (m, 1H), 2.13-2.01 (m, 2H), 1.76-1.64 (m, 1H), 1.61-1.51 (m, 1H), 1.47-1.17 (m, 
22H). 
13C NMR (101 MHz, CDCl3) δ ppm 182.2, 157.2, 139.1, 134.2, 133.1, 128.9, 127.7, 
127.1, 126.8, 118.7, 114.0, 105.5, 55.2, 47.3, 38.0, 33.8, 31.6, 29.7-29.3 (9), 29.1, 28.9, 
27.2. HRMS: calcd. for C29H42O3: 438.3134, found 438.3162. Elem. anal. (%): calcd. for 
C29H42O3: C, 79.41; H, 9.65; found C, 79.44; H, 9.76. 
 
 
 
 
7,7'-Dimethoxy-2,2'-dipentadec-14-enyl motor (7.25): titanium tetrachloride (51 μl, 0.46 
mmol) was added dropwise to a suspension of zinc powder (60 mg, 0.92 mmol) in 3 ml of 
dry THF under vigorous stirring at 0ºC. After heating at reflux for 2 h, ketone 7.5 (97 mg, 
0.23 mmol) in dry THF (1 ml) was added, and the solution was heated at reflux overnight. 
The reaction was quenched with water (3 ml), and the mixture was extracted 3 times with 
10 ml of ethyl acetate. The organic layers were collected, dried with MgSO4, filtered, and 
the solvent was removed under vacuo. Further purification was achieved by column 
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chromatography on silica gel using heptane with a 0 to 0.5% ethyl acetate gradient as 
eluent (Rf(trans) = 0.54 and 0.73 in heptane/ethyl acetate 98:2 and 95:5, respectively; 
Rf(cis) = 0.20 and 0.45 in heptane/ethyl acetate 98:2 and 95:5, respectively), which gave 
trans 7.25 (30 mg, 0.037 mmol, 32%) and cis 7.25 (13 mg, 0.016 mmol, 14%) as yellow 
powders. 
trans: 
1H NMR (400 MHz, CDCl3) δ ppm 8.16 (d, J = 9.06 Hz, 2H), 7.64 (d, J = 8.13 Hz, 
2H), 7.34 (d, J = 8.13 Hz, 2H), 7.21 (d, J = 2.49 Hz, 2H), 7.17 (dd, J = 9.08, 2.59 Hz, 2H), 
5.82 (tdd, J = 16.91, 10.14, 6.66 Hz, 2H), 5.05-4.96 (m, 2H), 4.96-4.90 (m, 2H), 3.96 (s, 
6H), 2.87-2.75 (m, 4H), 2.49 (d, J = 14.40 Hz, 2H), 2.04 (dd, J = 14.09, 7.19 Hz, 6H), 
1.50-1.02 (m, 46H). 
13C NMR (101 MHz, CDCl3) δ ppm 156.6 (2C), 140.8 (2C), 139.7 
(2C), 139.5 (2C), 139.2 (2C), 134.0 (2C), 127.8 (2C), 126.4 (2C), 125.4 (2C), 124.6 (2C), 
117.8 (2C), 114.0 (2C), 106.3 (2C), 55.2 (2C), 48.7 (2C), 37.5 (2C), 33.8 (2C), 30.1 (2C), 
29.8-29.4 (18C), 29.1 (2C), 28.9 (2C). HRMS: calcd. for C58H80O2: 808.6158, found 
808.6147. 
 
cis: 
1H NMR (400 MHz, CDCl3) δ ppm 7.57 (d, J = 8.16 Hz, 2H), 7.42 (d, J = 8.14 Hz, 
2H), 6.96 (d, J = 2.56 Hz, 2H), 6.48 (d, J = 9.24 Hz, 2H), 6.07 (dd, J = 9.18, 2.64 Hz, 2H), 
5.81 (tdd, J = 16.88, 10.23, 6.61 Hz, 2H), 5.03-4.95 (m, 2H), 4.95-4.90 (m, 2H), 3.74 (s, 
6H), 3.46-3.36 (m, 4H), 2.78 (d, J = 14.68 Hz, 2H), 2.08-1.98 (m, 4H), 1.48-1.00 (m, 
46H). 
13C NMR (101 MHz, CDCl3) δ ppm 156.0 (2C), 141.9 (2C), 139.5 (2C), 139.2 (2C), 
137.8 (2C), 133.3 (2C), 128.0 (2C), 127.0 (2C), 125.0 (2C), 123.9 (2C), 116.4 (2C), 114.0 
(2C), 106.0 (2C), 55.0 (2C), 47.9 (2C), 37.6 (2C), 33.8 (2C), 29.9 (2C), 29.8-29.5 (16C), 
29.3 (2C), 29.1 (2C), 28.9 (2C). HRMS: calcd. for C58H80O2: 808.6158, found 808.6139. 
 
 
 
 
2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (7.26): this 
compound was prepared according to a literature procedure.
32 Sodium hydroxide (1.6 g, 40 
mmol) in H2O (10 ml) was added to a solution of tetraethylene glycol (50 g, 257 mmol) in 
THF (10 ml). The mixture was cooled to 0ºC, and tosylchloride (4.7 g, 24.7 mmol) in THF 
(30 ml) was slowly added over a period of 1 h under a nitrogen atmosphere. The mixture 
was stirred an additional 2 h at 0ºC, poured into water (150 ml), and the product was 
extracted with CH2Cl2 (4 × 50 ml). The combined organic portions were dried on Na2SO4, 
filtered, and concentrated under reduced pressure. Flash column chromatography on silica 
gel eluting with a 50-100% gradient of ethyl acetate in heptane (Rf = 0.30 in neat ethyl 
acetate) provided compound 7.26 as a yellow oil (6.31 g, 18.1 mmol, 73%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.74 (dd, J = 8.33, 2.02 Hz, 2H), 7.30 (dd, J = 8.20, 
1.48 Hz, 2H), 4.14-4.08 (m, 2H), 3.68-3.61 (m, 4H), 3.61-3.56 (m, 4H), 3.56-3.51 (m, 6H), 
2.70 (br s, 1H), 2.39 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ ppm 144.6, 132.7, 129.6, 
127.7, 72.3, 70.4, 70.4, 70.2, 70.1, 69.1, 68.4, 61.4, 21.4. 
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2,2'-(2,2'-oxybis(ethane-2,1-diyl)bis(oxy))bis(ethane-2,1-diyl) bis(4-
methylbenzenesulfonate): this compound was obtained as side product in the preparation 
of 7.24 (Rf = 0.79 in neat ethyl acetate), and was isolated as a yellow oil (0.56 g, 1.1 mmol, 
8.9%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.75 (d, J = 8.32 Hz, 4H), 7.31 (d, J = 8.54 Hz, 4H), 
4.13-4.10 (m, 4H), 3.66-3.62 (m, 4H), 3.54-3.50 (m, 8H), 2.41 (s, 6H). 
13C NMR (101 
MHz, CDCl3) δ ppm 144.6, 132.7, 129.6, 127.7, 70.5, 70.3, 69.1, 68.4, 21.4. 
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2-(2-(2-(2-(4-(tris(4-tert-butylphenyl)methyl)phenoxy)ethoxy)ethoxy)ethoxy)ethanol 
(7.27): this compound was prepared according to a literature procedure.
20 A mixture of 7.6 
(2.0 g, 3.96 mmol), 7.26 (2.8 g, 7.92 mmol) and K2CO3 (1.1 g, 7.9 mmol) in dry MeCN (50 
ml) was heated at reflux in a nitrogen atmosphere while stirred overnight. Subsequently, 
the solvent was removed by distillation under reduced pressure. Water (70 ml) was added, 
and the product was extracted in chloroform (3 × 150 ml). The organic layers were 
combined, dried over MgSO4, filtered, and the solvent was removed under reduced 
pressure. The residue was purified by flash column chromatography using a 20 to 100% 
gradient of ethyl acetate in toluene (Rf = 0.45 in neat ethyl acetate, Rf = 0 in neat toluene), 
to give the pure product as a white solid (2.4 g, 3.5 mmol, 88%). 
m.p. = 175.4-176.2ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 7.23 (d, J = 8.52 Hz, 6H), 7.11-
7.06 (m, 8H), 6.78 (d, J = 8.93 Hz, 2H), 4.14-4.09 (m, 2H), 3.87-3.82 (m, 2H), 3.76-3.65 
(m, 10H), 3.63-3.59 (m, 2H), 1.31 (s, 27H). 
13C NMR (101 MHz, CDCl3) δ ppm 156.5, 
148.2, 144.1, 139.7, 132.1, 130.6, 123.9, 113.0, 72.4, 70.7, 70.6, 70.5, 70.3, 69.7, 67.2, 
63.0, 61.7, 34.2, 31.3. 
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7-Hydroxy-2-(pentadec-14-enyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one 
(7.28): this reaction was based on a literature procedure.
23 Sodium hydride (50% 
suspension in oil, 262 mg, 5.46 mmol) was suspended in dry DMF (35 ml), and 
methanethiol (417 μl, 5.64 mmol) was added dropwise. After stirring at room temperature 
for 10 min, ketone 7.5 (493 mg, 1.21 mmol) was added in one portion. The mixture was 
warmed to 135ºC and stirred for 2.5 h. Subsequently, after cooling at room temperature, 
the reaction was quenched with 1 M aq. HCl, and the product was extracted with 
diethylether (3 × 40 ml). The combined organic layers were dried with MgSO4, filtered, 
and the solvent was removed under vacuo. Further purification was achieved by flash 
column chromatography on silica gel using heptane with a 2-5% ethyl acetate gradient, 
which gave the product as a white solid (443 mg, 1.09 mmol, 90%).  
m.p. = 85.8-86.2ºC. 
1H NMR (400 MHz, CDCl3) δ ppm 9.07 (d, J = 8.91 Hz, 1H), 7.87 (d, 
J = 8.37 Hz, 1H), 7.45-7.40 (m, 1H), 7.36 (dd, J = 9.09, 1.17 Hz, 1H), 7.30 (s, 1H), 5.81 
(tdd, J = 17.01, 10.19, 6.70 Hz, 1H), 6.89 (s, 1H), 5.03-4.96 (m, 1H), 4.95-4.90 (m, 1H), 
3.34 (dd, J = 17.46, 7.16 Hz, 1H), 2.86 (dd, J = 17.54, 2.77 Hz, 1H), 2.81-2.72 (m, 1H), 
2.13-1.91 (m, 3H), 1.55-1.09 (m, 23H). 
13C NMR (101 MHz, CDCl3) δ ppm 211.1, 155.1, 
154.5, 139.2, 134.7, 134.3, 130.4, 125.5, 124.3, 124.2, 120.4, 114.0, 110.5, 48.0, 33.7, 
33.0, 31.7, 29.7-29.4 (8C), 29.1, 28.8, 27.3. HRMS: calcd. for C28H38O2: 406.2872, found 
406.2888. Elem. anal. (%): calcd. for C28H38O2: C, 82.71; H, 9.48; found C, 82.99; H, 9.52.  
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Compound (7.29): titanium tetrachloride (229 μl, 2.08 mmol) was added dropwise to a 
suspension of zinc powder (272 mg, 4.16 mmol) in 15 ml of dry THF under vigorous 
stirring at 0ºC. After refluxing for 2 h, ketone 3 (1.11 g, 1.04 mmol) in dry THF (3 ml) was 
added, and the solution was heated at reflux overnight. The reaction was quenched with 
sat. aq. NH4Cl (5 ml), and the mixture was extracted 3 times with 20 ml of ethyl acetate. 
The organic layers were collected, dried with MgSO4, filtered, and the solvent was 
removed under vacuo. The trans/cis ratio was found to be 15:1 by 
1H-NMR analysis. 
Further purification was achieved by column chromatography on silica gel using toluene 
with a 0 to 20% ethyl acetate gradient as eluent (Rf(trans) = 0.61 and Rf(cis) = 0.52 in 
toluene/ethyl acetate 90:10). The purest fractions of trans  7.27 were combined, and 
elimination of the solvent by rotary evaporation gave the product as a yellow viscous oil 
(215 mg, 0.102 mmol, 20%). Collection of the other fractions, gave a total yield of 65%. 
trans 7.29: 
1H NMR (400 MHz, CDCl3) δ ppm 8.13 (d, J = 9.55 Hz, 2H), 7.59 (d, J = 8.04 
Hz, 2H), 7.30 (d, J = 8.13 Hz, 2H), 7.25-7.16 (m, 16H), 7.11-7.04 (m, 16H), 6.76 (d, J = 
8.56 Hz, 4H), 5.80 (tdd, J = 16.64, 9.84, 6.42 Hz, 2H), 5.01-4.94 (m, 2H), 4.93-4.89 (m, 
2H), 4.31-4.24 (m, 4H), 4.12-4.05 (m, 4H), 3.98-3.92 (m, 4H), 3.87-3.81 (m, 4H), 3.80-
3.76 (m, 4H), 3.76-3.67 (m, 12H), 2.83-2.72 (m, 4H), 2.46 (d, J = 14.31 Hz, 2H), 2.10-
1.97 (m, 6H), 1.40-1.15 (m, 46H), 1.29 (s, 54H). 
13C NMR (101 MHz, CDCl3) δ ppm 156.4, 155.7, 148.1, 144.0, 140.7, 139.7, 139.6, 139.4, 
139.1, 133.9, 132.1, 130.6, 127.7, 126.5, 125.5, 124.5, 123.9, 118.1, 114.0, 112.9, 107.2, 
70.8, 70.7, 70.6, 69.7, 67.2, 67.1, 62.9, 48.6, 37.5, 34.3, 34.2, 33.7, 31.3, 30.1, 29.8-29.4 
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(8C), 29.1, 28.9, 28.8. HRMS: calcd. for C146H192O10Na (MNa
+): 2129.4441, found 
2129.4420. 
 
cis 7.29: 
1H NMR (400 MHz, CD2Cl2) δ ppm 7.56 (d, J = 8.31 Hz, 2H), 7.43 (d, J = 7.97 
Hz, 2H), 7.27 (d, J = 8.23 Hz, 12H), 7.19-7.12 (m, 16H), 7.00 (d, J = 2.13 Hz, 2H), 6.77 
(d, J = 8.48 Hz, 4H), 6.53 (d, J = 9.16 Hz, 2H), 6.08 (dd, J = 9.44, 2.24 Hz, 2H), 5.83 (tdd, 
J = 16.61, 9.80, 6.38 Hz, 2H), 5.05-4.96 (m, 2H), 4.95-4.90 (m, 2H), 4.33-4.17 (m, 4H), 
4.13-3.95 (m, 4H), 3.94-3.86 (m, 4H), 3.82-3.76 (m, 4H), 3.76-3.71 (m, 4H), 3.70-3.57 (m, 
12H), 3.49-3.36 (m, 4H), 2.81 (d, J = 13.71 Hz, 2H), 2.10-1.99 (m, 6H), 1.43-1.15 (m, 
46H), 1.31 (s, 54H). 
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Compound cis (7.29): A solution of trans 7.29 in DCM-d2 (12.5 mg/ml) in an NMR tube 
was cooled at -75ºC in an ethanol bath. Irradiation with a 365 nm light was maintained 
until no changes in the 
1H-NMR spectrum were observed (3 h), which occurred when a 
stable trans/unstable cis ratio of 10:90 (based on 
1H-NMR integrayions) was obtained. The 
solution was left at room temperature for 3 d (althought a shorter period of time is expected 
to be sufficient). Subsequently, 
1H-NMR analysis revealed that all the unstable cis 7.29 
converted to stable cis 7.29. The fractions of cis 7.29 were collected together, the solvent 
was eliminated with rotary evaporation, and the product was used without further 
purification. 
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 Samenvatting 
Samenvatting 
 
In dit proefschrift worden eerste generatie roterende moleculaire motoren beschreven. Dit 
zijn moleculen die onder invloed van licht en warmte, unidirectionele rotatie ondergaan van 
hun centrale dubbele binding (Figuur 1). Een belangrijk element in deze structuren zijn de twee 
stereocentra, die de richting van rotatie domineren.  
Met behulp van computer modellen is getracht een beter beeld te vormen van de 
fundamentele thermische isomerizatie processen van de basis structuur van de motor. 
De twee stereo centra van de motor zijn gefunctionalizeerd met lange alkyl ketens en 
verschillende aromatische groepen. Vervolgens is het effect van deze groepen op de thermische 
isomerizatie bestudeerd. De rotatie van de motoren is in alle gevallen behouden gebleven, dit 
opende vele mogelijkheden voor verdere functionalizering voor mogelijke applicaties.  
Drie verschillende gefunctionalizeerde fundamenten zijn gesynthetiseerd en gebruikt om 
nieuwe topologieën structuren te creëren. In meer detail zijn er drie “geluste” motoren, een 
moleculaire wandelaar, een dopant voor vloeibare kristallen, en twee motor dimeren 
gesynthetiseerd. De rotatie functie van de motoren werd door deze nieuwe functionaliteiten niet 
noemenswaardig beïnvloed. Dit met uitzondering van de kort “geluste” motoren, in deze 
gevallen werd de rotatie mogelijkheid van de motoren totaal geblokkeerd. Deshalve kan het 
karakter van motor vergeleken worden met dat van licht geschakelde moleculaire schakelaars. 
Verder laten de motor dimeren een minder gunstig fotochemisch evenwicht zien.  
Ter afsluiting is er een moleculaire lier gesynthetiseerd, deze structuur bestaat uit een 
moleculaire motor als centrale as, een lus en twee draden. De verwachting is dat de draden op 
zullen winden als de centrale motor roteert, net als gebeurt in een lier. Dit molecuul is alleen 
kort bestudeerd, maar de resultaten zien er veel belovend uit. 
 
 
stabiel trans  niet stabiel cis 
stabiel cis  niet stabiel trans   
 
Figuur 1: Schematische werking van een eerste generatie moleculaire motor. 
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Nanotechnology is nowadays an extremely active field in scientific research. The 
motivation of such an effort comes from the promise of a technological revolution, deriving 
from the extreme miniaturization of devices up to the order of the nanometer (1 nanometer is 
1000000 times smaller than 1 millimeter). Nanotechnology is not man’s idea. Nature, indeed, 
provided potentially every life form known so far with nanomachines. Kinesin, myosin, ATP 
synthase and the flagellar motor are only some popular examples of natural molecular machines. 
These machines accomplish important functions, like producing energy, reading DNA, building 
proteins, transporting relatively heavy loads toward a different part of the cell, and so on. If you 
move your arm, for example, an uncountable number of myosins motors work together to 
contract your muscle and generate the macroscopic movement of your arm. 
However, a deep understanding of how this systems work is not a simple thing. In fact, a 
nanodevice is not just like a small version of a correspondent macroscopic one. The physics at 
the nanoscale is something that differs profoundly from the physics at the “human” scale. Our 
everyday devices are governed by their staticity, they only move when a force is applied to 
them, and when they move, they are influenced by gravity and friction with the environment. 
At the nanoscale, the scale of molecules, the game is different. Gravity is completely 
neglectable, and electrostatic interactions prevail. Moreover, molecules never rest: they move 
continuously and quickly, in what is called thermal motion. Molecular machines may move 
under the influence of an applied force (due for example to a chemical interaction or a 
structural change) like macroscopic objects do, or may bias their random thermal motion to 
result in a directional movement. Which of these two cases is closer to reality is not obvious to 
understand. 
Perhaps imitating Nature, scientists have produced many molecular systems in attempt to 
design synthetic molecular motors. These are molecules that under the influence of the 
opportune stimulus (for example light, heat, electrochemical potential, chemical reagent) are 
able to perform motion in a controlled fashion, similar to the way macroscopic devices do.  
 
The contribution from our group in the field of molecular nanotechnology is, among others, 
concerned with molecular rotary motors. These are molecules that can perform unidirectional 
rotation around a central axle of rotation (a carbon-carbon double bond). The “fuel” consumed 
to produce this ordered movement is light and heat. The working scheme of a so called first 
generation molecular motor is shown in Figure 1. 
The cycle is made of four steps: two photochemical and two thermal. The photochemical steps 
involve a cis-trans isomerization at the central double bond, and the two thermal steps consist 
in a helix inversion to a more stable conformation. It has to be noted that the photochemical 
steps are dynamic equilibria, and as such are reversible processes (bidirectional), whilst the 
thermal steps are irreversible. Therefore, it is from the thermal steps that these molecular rotary 
motors obtain the unidirectionality of their rotation. Moreover, the absolute configuration at the 
two stereogenic centers determines the direction of rotation. 
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stable trans  unstable cis 
stable cis  unstable trans 
light
light
heat  heat 
 
 
Figure 1: Scheme of the working cycle of a basic first generation molecular motor. 
 
 
It appears realistic to envision that future applications of our molecular motors will need to 
include these systems in the contest of a more complex structure, where large units will be 
tethered to the motor part to make use of the unidirectional rotation. The work presented in this 
thesis is focussed on the synthesis and the study of first generation molecular motors with new 
topologies: molecular motors are derivatized and/or functionalized in order to explore their 
functioning within more complex molecular designs, as well as if they are suitable for future 
applications. 
 
In the basic structure of a molecular motor, a methyl group is used at the stereogenic center. 
However, it has been seen from our previous work that other groups than methyl have a strong 
influence on the speed of rotation. This suggests that the stereogenic centers are interesting sites 
for derivatization. For example, it has been demonstrated that the use of long alkyl chains not 
only does not prevent the rotation, but also does not affect the speed of the motor significantly 
(Chapter 2).  
 
A functional group like a hydroxy offers the possibility to use the molecular motor as a 
scaffold to produce new more complex structures. Two hydroxy groups have been connected to 
the two stereogenic centers through a 3-C alkyl linker (Chapter 3). Subsequently, these hydroxy 
groups have been used to attach a loop. In such a topology, with the rotary cycle in mind, it 
appears evident that at a certain point of the rotary cycle the motor will need to pass through the 
loop to continue the rotation. Clearly, this is only possible if the loop is sufficiently large. The 
experiments have shown that for a 32 membered loop (Figure 2a) not only can the rotation 
occur, but also its speed is not significantly influenced. This indicates that 32 is a “safe” size for 
leaving the rotation undisturbed (molecular “skipping rope”). When the size is reduced to 16 
(Figure 2b), instead, a different behavior is observed. In this case, indeed, after the 
photoisomerization of the stable cis isomer a mixture of unstable trans and stable trans isomers 
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is obtained that does not change even at (relatively) high temperature. The 16 membered loop is 
too short to allow the motor to pass through, and the rotation is therefore blocked (molecular 
“straitjacket”). The effect of the short loop on the motor is to make it behave like a light driven 
switch. 
The loops were obtained by RCM; an olefine is therefore generated. When in the small loop 
this double bond is hydrogenated, a loop with higher flexibility, albeit the same size, is obtained. 
Experiments have shown that the molecule with the hydrogenated loop presents different 
properties: after photoirradiation of the stable cis isomer, a mixture of unstable trans and stable 
trans is obtained that can thermally reconvert back to stable cis again. As the only difference 
with the non hydrogenated loop motor is a higher flexibiliy of the loop, this has to be the reason 
for the different behavior. Further studies are needed to elucidate the origin of the change in 
dynamic behavior. 
 
      
a) 
b)
Figure 2: a) A motor with a large loop (a molecular skipping rope) and b) a motor with a short loop (a molecular 
straitjacket). 
 
 
The installation on the motor structure of the two hydroxy groups with the 3-carbons linker 
created problems of chemical stability of the scaffold, expecially the trans isomer. Therefore, a 
longer linker made of 6 carbons was tested (Chapter 4). During the purification of the product, 
less degradation was indeed observed, and also the trans functionalized motor could be 
obtained pure. Subsequently, it was used to prepare a medium sized loop by RCM. Surprisingly, 
no product from the intramolecular RCM could be obtained starting from the trans isomer. 
What was observed instead was an intermolecular metathesis reaction, which gave the linear 
dimer first, which could subsequently undergo RCM (being significantly longer than the 
monomer) and form the cyclic dimer. Measurements on these dimers revealed that the close 
proximity of the two motor units has an effect on the photostationary states: the 
photoconversions are significantly reduced compared to the case of the monomer. This effect is 
more evident in the cyclic dimer. This result is important for future applications where many 
motor units are close to one other. 
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Figure 3: Dimers of molecular motors: a) linear and b) cyclic. 
 
 
An even more stable scaffold was obtained employing as linker a rigid aromatic ring 
(Chapter 5). This prevents the oxygen of the hydroxy groups to come close to the central double 
bond. This third generation scaffold was used to produce three new structures: a molecular 
walker, a dopant for liquid crystals, and a new short looped motor. In the molecular walker, a 
pyridine unit has been attached to every hydroxy. This pyridine is expected to coordinate with 
Zn-porphyrins absorbed a graphite surface and, under working condition, to “walk” on them. 
The liquid crystals dopant has a mesomer unit attached to the hydroxy groups. As molecular 
motors have been demonstrated to be useful dopants for liquid crystals, a molecular motor 
functionalized with mesomers can be expected to have interesting properties. 
Moreover, a third looped motor was prepared. Measurements have shown that a rotary cycle is 
prevented with this structure. In particular, irradiation of the stable trans isomer delivers the 
unstable trans again. Therefore, this molecule behaves like a switch. 
 
                  
b) 
a)  c) 
 
Figure 4: Structures obtained from the third generation scaffold: a) a molecular walker, b) a dopant for liquid 
crystals, c) a new small looped motor. 
 
Changing the methyl group at the stereogenic center for other groups of different size has 
resulted in considerable steric effects. This has been investigated with second generation 
molecular motors, but remains relatively unexplored for first generation 5-5 membered ring 
motors. In Chapter 6 the stereogenic centers have been derivatized with aromatic groups: aryl, 
benzyl, biphenyl and phenylbenzyl (Figure 5). Studies on these systems revealed that the speed 
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of rotation is only partially affected, and no dramatic differences in half lives of the unstable 
isomers were observed. In the aryl motor, an interesting property has been observed. Due to 
large steric hindrance, in the unstable trans isomer, the free rotation of the aryl groups is 
prevented, while in the other three isomers they still are capable of free rotation. 
Also, the fact that the biphenyl motor can still perform rotation, opens interesting perspective of 
functionalization of the motor unit with long rigid arms at the stereogenic centers, useful to 
transfer the motion of the two halves of the motor in a longer distance. 
 
 
 
Figure 5: First generation molecular motors with aromatic groups at the stereogenic centers. 
 
 
Finally, a molecular reel is presented (Chapter 7). In this structure (Figure 6), a molecular 
motor has been derivatized with two treads (one for each half), two stoppers at the other end of 
the threads, and a large loop. Rotation of the motor unit is expected to result in the winding of 
the threads around the motor, much like in a macroscopic reel. The loop and the stoppers ensure 
that the threads remain winded. Unfortunately, the expected functioning of the system could not 
be completely demonstrated. In fact, a new (at least for us!) effect in the 
1H-NMR spectroscopic 
study has been observed that makes the results of difficult interpretation. However, few clues 
that this molecule behaves as expected could be collected. 
 
 
 
 
Figure 6: A molecular reel. 
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Le nanotechnologie costituiscono un campo estremamente attivo della ricerca scientifica. 
La motivazione per tale sforzo viene dalla promessa di una rivoluzione tecnologica, derivante 
dalla miniaturizzazione estrema di dispositivi fino all’ordine del nanometro (1 nanometro e’ 
1000000 di volte piu’ piccolo di 1 millimetro). Le nanotecnologie non sono un’idea dell’uomo. 
La Natura, infatti, ha fornito ogni forma di vita fin ora conosciuta con nanomacchine. Chinesina, 
miosina, ATP sintasi e il motore flagellare sono solo alcuni esempi tipici di macchine 
molecolari naturali. Queste macchine assolvono compiti importanti, come produrre energia, 
leggere il DNA, fabbricare proteine, trasportare carichi relativamente pesanti verso diverse parti 
della cellula, e cosi’ via. Se muoviamo un braccio, per esempio, un enorme numero di miosine 
lavorano insieme per contrarre il muscolo e generare il movimento macroscopico del braccio. 
Tuttavia, capire fino in fondo come questi sistemi funzionano non e’ cosa semplice. Infatti, 
un nanodispositivo non e’ semplicemente una versione in scala ridotta del corrispondente 
macroscopico. La fisica alla nanoscala e’ qualcosa che differisce profondamente dalla fisica in 
scala “umana”. I dispositivi che usiamo ogni giorno sono governati dalla staticita’, si muovono 
solo quando vi e’ applicata una forza, e quando si muovono sono influenzati dalla gravita’ e 
dall’attrito con l’ambiente circostante. Alla nanoscala, la scala delle molecole, si gioca con 
regole diverse. La gravita’ e’ completamente trascurabile e le interazioni elettrostatiche 
prevalgono. Inoltre, le molecole non sono mai ferme: esse si muovono continuamente e 
velocissimamente in quella che e’ chiamata agitazione termica. Le macchine molecolari 
possono muoversi sotto l’influenza di una forza applicata (dovuta per esempio a una interazione 
chimica o ad una variabile strutturale) come fanno gli oggetti macroscopici, o possono 
rettificare il loro moto termico casuale risultando in un movimento direzionato. Quale di queste 
due possibilita’ e’ piu’ vicina alla realta’ non e’ ovvio da capire. 
Forse imitando la Natura, gli scienziati hanno prodotto molti sistemi molecolari nel tentativo di 
costruire motori molecolari sintetici. Questi sono molecole che, sotto lo stimolo opportuno (per 
esempio luce, calore, potenziale elettrochimico, o un reagente chimico), sono in grado di 
produrre movimento in maniera controllata, similmente a quanto fanno i dispositivi 
macroscopici. 
 
Il contributo del nostro gruppo nel settore delle nanotecnologie molecolari riguarda rotori 
molecolari. Queste sono molecole che possono eseguire una rotazione continua e unidirezionale 
intorno all’asse centrale di rotazione (un doppio legame carbonio-carbonio). Il “carburante” 
consumato per produrre questo moto ordinato e’ luce e calore. Lo schema di funzionamento di 
un cosiddetto motore molecolare di prima generazione e’ mostrato in Figura 1. 
Il ciclo e’ costituito da quattro fasi: due fotochimiche e due termiche. Le fasi fotochimiche 
comportano una isomerizzazione cis-trans del doppio legame centrale, e le due fasi termiche 
consistono in una inversione di elica che porta ad una conformazione piu’ stabile. Va’ notato 
che le fasi fotochimiche sono equilibri dinamici, e come tali sono processi reversibili 
(bidirezionali), mentre le fasi termiche sono irreversibili. E’ quindi dalle fasi termiche che 
questi rotori molecolari ottengono l’unidirezionalita’ della loro rotazione. Inoltre, la 
configurazione assoluta dei due centri stereogenici determina la direzione della rotazione. 
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trans stabile  cis instabile 
cis stabile  trans instabile 
luce 
luce 
calore  calore 
 
 
Figura 1: Schema del ciclo di un motore molecolare basilare di prima generazione. 
 
 
E’ realistico prevedere che le future applicazioni dei nostri motori molecolari avranno 
bisogno di includere questi sistemi nell’ambito di una struttura piu’ complessa, dove larghe 
unita’ saranno connesse al motore per far uso della rotazione unidirezionale. Il lavoro 
presentato in questa tesi e’ focalizzato sulla sintesi e sullo studio di motori molecolari di prima 
generazione con nuove topologie: i motori molecolari sono derivatizzati e/o funzionalizzati al 
fine di studiare il loro funzionamento in design molecolari piu’ complessi, e valutare se sono 
adatti ad applicazioni future. 
 
Nella struttura di base di un motore molecolare, al centro stereogenico viene collocato un 
metile. Tuttavia, si e’ visto dal nostro lavoro precedente che altri gruppi, diversi dal metile, 
hanno una forte influenza sulla velocita’ di rotazione. Cio’ suggerisce che i centri stereogenici 
sono interessanti siti per eventuali derivatizzazioni. Per esempio, e’ stato dimostrato che l’uso 
di lunghe catene alchiliche non solo non impedisce la rotazione, ma non ne influenza nemmeno 
la velocita’ in modo significativo (Capitolo 2).  
 
Un gruppo funzionale come un ossidrile offre la possibilita’ di usare il motore molecolare 
come impalcatura di base (“scaffold”) per produrre strutture nuove e piu’ complesse. Due 
gruppi ossidrilici sono stati connessi ai due centri stereogenici attraverso un linker (connettore) 
alchilico di 3 carboni (Capitolo 3). Successivamente, questi gruppi ossidrilici sono stati usati 
per connettere un “loop”. In questa topologia, con il ciclo rotatorio in mente, appare chiaro che 
ad un certo punto della rotazione il motore dovra’ passare attraverso il loop per continuare la 
rotazione. Chiaramente, cio’ e’ possibile solo se il loop e’ sufficientemente largo. Gli 
esperimenti hanno dimostrato per un loop di 32 atomi (Figura 2a) non solo che la rotazione 
puo’ avvenire, ma anche che la sua velocita’ non e’ significativamente influenzata dalla 
presenza del loop. Cio’ indica che 32 e’ una grandezza “sicura” per lasciare la rotazione 
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imperturbata (“corda per saltare” molecolare). Quando la grandezza viene ridotta a 16 (Figura 
2b), invece, viene osservato un comportamento diverso: in questo caso infatti, dopo la 
isomerizzazione del cis stabile, viene ottenuta una miscela di isomeri trans stabile e trans 
instabile che non cambia neanche a temperature (relativamente) alte. Il loop di 16 atomi e’ 
troppo stretto per permettere al motore di passarci attraverso, e la rotazione e’ quindi bloccata 
(“camicia di forza” molecolare). L’effetto sul motore del loop piccolo e’ quello di farlo 
comportare come un interruttore azionato dalla luce. 
I loops sono stati ottenuti con una RCM; pertanto, e’ stato generato un legame olefinico. 
Quando il doppio legame nel loop piccolo viene idrogenato, viene ottenuto un loop con 
maggiore flessibilita’, sebbene della stessa grandezza. Gli esperimenti hanno dimostrato che la 
molecola con il loop idrogenato presenta proprieta’ diverse: dopo fotoirragiamento dell’isomero 
cis stabile, si ottiene una miscela di trans stabile e trans instabile che si riconverte 
termicamente nel cis stabile. Poiche’ l’unica differenza con il motore con il loop non idrogenato 
e’ una maggiore flessibilita’ del loop, questa deve essere la ragione del diverso comportamento. 
Ulteriori studi sono necessari per elucidare l’origine della variazione nel comportamento 
dinamico. 
 
 
 
      
a) 
b)
Figura 2: a) Un motore con un loop largo (una “corda per saltare” molecolare) e b) un motore con un loop piccolo 
(una “camicia di forza” molecolare). 
 
 
L’installazione sulla struttura del motore dei due gruppi ossidrilici con i linkers a 3 atomi di 
carbonio ha dato problemi di stabilita’ chimica dello scaffold, specialmente per l’isomero trans. 
Quindi, e’ stato testato un linker piu’ lungo, fatto da 6 atomi di carbonio (Capitolo 4). Durante 
la purificazione del prodotto, infatti, e’ stata osservata una minore degradazione, e si e’ potuto 
ottenere puro anche l’isomero trans del motore funzionalizzato. Successivamente lo si e’ 
utilizzato per preparare un loop di grandezza intermedia con RCM. Sorprendentemente, 
partendo dall’isomero trans, non e’ stato ottenuto prodotto dalla RCM intramolecolare. Quello 
che invece e’ stato osservato e’ stata una metatesi intermolecolare, la quale ha dato prima il 
dimero lineare che conseguentemente ha subito RCM (essendo significativamente piu’ lungo 
  404Riassunto 
 
del monomero) e ha formato il dimero ciclico (Figura 3). Misure su questi dimeri hanno 
rivelato che la stretta prossimita’ delle due unita’ di motori ha un’effetto sugli stati 
fotostazionari: le fotoconversioni sono significativamente ridotte in confronto al caso del 
monomero. Questo effetto e’ piu’ evidente nel dimero ciclico. Questo risultato e’ importante 
per applicazioni future dove molte unita’ di motori saranno ravvicinate. 
 
 
     
O
O
O
O
 
b) 
a) 
 
Figura 3: Dimeri di motori molecolari: a) lineare e b) ciclico. 
 
 
Uno scaffold ancora piu’ stabile e’ stato ottenuto impiegando come linker un anello 
aromatico rigido (Capitolo 5). Cio’ impedisce agli ossigeni dei gruppi ossidrilici di avvicinarsi 
al doppio legame centrale. Questo scaffold di terza generazione e’ stato utilizzato per produrre 
tre nuove strutture: una molecola che puo’ “camminare” (“walker”), un dopante per cristalli 
liquidi e un nuovo motore con un piccolo loop (Figura 4). Nel walker molecolare, un’unita’ di 
piridina e’ stata connessa ad ogni idrossido. Ci si aspetta che la piridina si coordinera’ con le 
Zn-porfirine assorbite su una superficie di grafite e, in condizioni operative, “camminare” su di 
esse. Il dopante per cristalli liquidi ha un’unita’ mesomerica attaccata ai gruppi ossidrilici. 
Poiche’ i motori molecolari sono stati dimostrati essere utili dopanti per cristalli liquidi, un 
motore molecolare funzionalizzato con mesomeri potrebbe avere proprieta’ interessanti.  
Inoltre, e’ stato preparato un terzo motore con un loop. Le misure hanno dimostrato che, con 
questa struttura, il ciclo rotatorio e’ bloccato. In particolare, l’irraggiamento dell’isomero trans 
stabile porta nuovamente alla formazione del trans instabile. Pertanto questa molecola si 
comporta da “interruttore” (“switch”). 
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a)  c) 
 
Figura 4: Strutture ottenute dallo scaffold di terza generazione: a) un walker molecolare, b) un dopante per 
cristalli liquidi, c) un nuovo motore con un loop piccolo. 
 
 
La sostituzione del gruppo metile al centro stereogenico con altri gruppi di dimensioni 
diverse ha comportato considerevoli effetti sterici. Cio’ e’ stato investigato con motori 
molecolari di seconda generazione, ma rimane relativamente inesplorato per motori di prima 
generazione con anelli a 5 termini. Nel Capitolo 6, i centri stereogenici sono stati derivatizzati 
con gruppi aromatici: arile, benzile, bifenile e fenilbenzile (Figura 5). Gli studi su questi sistemi 
hanno rivelato che la velocita’ di rotazione e’ solo parzialmente influenzata e le differenze in 
termini di tempi di mezza vita degli isomeri instabili non erano drammatiche. Nel motore con il 
gruppo arile, e’ stata osservata una proprieta’ interessante. Per l’elevato ingombro sterico, la 
libera rotazione dei gruppi arili nell’isomero trans instabile e’ ostacolata, mentre negli altri tre 
isomeri essi possono ruotare liberamente. 
Inoltre, il fatto che il motore con il bifenile riesca a ruotare apre interessanti prospettive di 
funzionalizzazione dell’unita’ motore con lunghi bracci rigidi ai centri stereogenici, utile per 
trasferire il moto delle due meta’ del motore a una distanza piu’ lunga. 
 
 
 
Figura 5: Motori molecolari di prima generazione con gruppi aromatici al centro stereogenico. 
 
 
Infine e’presentato un rullino molecolare (Capitolo 7). In questa struttura (Figura 6), un 
motore molecolare e’ stato derivatizzato con due “fili” (uno per ogni meta’), due “stoppers” 
(“fermi”) all’altro capo dei fili, e un loop largo. La rotazione del motore dovrebbe provocare un 
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attorcigliamento dei fili sullo stesso motore, proprio come in un rullino macroscopico. Il loop e 
gli stoppers assicurano che i fili rimangano attorcigliati. Purtruppo, il funzionamento previsto 
del sistema non ha potuto essere dimostrato completamente. Infatti e’ stato osservato un effetto 
nuovo (almeno per noi!) nello studio di spettroscopia 
1H-NMR che rende i risultati difficili da 
interpretare. Tuttavia, si sono potuti raccogliere alcuni dati sul fatto che tale molecola si 
comporta come previsto. 
 
 
 
 
Figura 6: Un rullino molecolare. Acknowledgments  
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